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Resumo
Com os recentes avanc¸os tecnolo´gicos no campo da geno´mica, grac¸as sobretudo ao desenvolvimento de
plataformas de sequenciac¸a˜o paralela massiva, as cieˆncias biolo´gicas encontram-se em plena revoluc¸a˜o.
Esta tecnologia, que e´ tambe´m designada de sequenciac¸a˜o de pro´xima gerac¸a˜o, apresenta como
principal caracter´ıstica a capacidade de execuc¸a˜o de mu´ltiplas reac¸o˜es em paralelo na˜o so´ num curto
espac¸o de tempo, mas tambe´m a um prec¸o por base substancialmente mais baixo do que os me´todos
de sequenciac¸a˜o previamente dispon´ıveis. A sequenciac¸a˜o de genomas completos, que ate´ ha´ uns anos
constitu´ıa um feito enorme, como ilustrado pelo esforc¸o exigido na sequenciac¸a˜o do primeiro genoma
humano, e´ enta˜o hoje em dia bastante mais acess´ıvel.
No entanto, embora existam bastantes vantagens na utilizac¸a˜o de sequenciac¸a˜o de pro´xima gerac¸a˜o,
as restric¸o˜es na˜o so´ ao n´ıvel do tamanho das sequeˆncias obtidas, assim como limitac¸o˜es e erros que
sa˜o caracter´ısticos a`s demais plataformas de sequenciac¸a˜o, constituem algumas das desvantagens.
Estas podem levar a que a assemblagem do genoma na˜o se realize de forma correcta, se resultar na
colocac¸a˜o das pec¸as com erros nas regio˜es erradas, ou se as pec¸as em questa˜o na˜o foram produzidas
para todo o genoma.
Nesse sentido, a disponibilidade de ferramentas citogene´ticas que permitem dissecar individualmente
cromossomas, assim como a existeˆncia de me´todos de enriquecimento que possibilitam a sua ampli-
ficac¸a˜o, facultam a investigac¸a˜o para cromossomas individuais. Este tipo de abordagem permite
na˜o so´ reduzir a complexidade computacional mas tambe´m o custo associado a` sequenciac¸a˜o e
manipulac¸a˜o dos dados sequenciados, aumentando simultaneamente a probabilidade de sucesso da
assemblagem completa do genoma atrave´s da reduc¸a˜o do ”ru´ıdo”que adviria da presenc¸a de outros
cromossomas. Assim sendo, poder-se-a´ considerar que este tipo de metodologia e´ particularmente
adequada para estudos de organismos na˜o-modelo, que na˜o possuem um genoma de refereˆncia.
Os re´pteis pertencentes a` ordem Squamata constituem um grupo bastante diverso para o qual este
tipo de abordagem pode revelar-se particularmente u´til. O estudo desta diversidade, que se manifesta
pela presenc¸a de va´rios sistemas de determinac¸a˜o sexual (genot´ıpica ou ambiental), sistemas de
cromossomas sexuais homogame´ticos e heterogame´ticos, diferentes tipos de me´todos de reproduc¸a˜o
(oviparidade, viviparidade, e ovoviviparidade), e ate´ mesmo reproduc¸a˜o por partenoge´nese, encontra-
se actualmente pouco e mal aprofundado. Neste contexto, a abordagem acima referida, ao permitir
que a concentrac¸a˜o de esforc¸os incida em blocos cromosso´micos importantes, tais como os cromosso-
mas sexuais, pode ajudar a esclarecer o seu papel na evoluc¸a˜o e como potenciadores de diversidade.
Ale´m disso, dada a inexisteˆncia de marcadores ligados aos cromossomas sexuais para um determinado
subgrupo monofile´tico dos re´pteis Squamata - os lacert´ıdeos - a pesquisa e desenvolvimento deste tipo
de marcadores moleculares seria fundamental. Os mesmos constituem na˜o so´ um me´todo fia´vel para
determinar o sexo de um indiv´ıduo com importantes aplicac¸o˜es em ecologia molecular, mas tambe´m,
e talvez de forma mais relevante, permitem realizar estudos de geno´mica comparativa ou de geno´mica
das populac¸o˜es.
Como forma de testar a exequibilidade desta abordagem, va´rios cromossomas sexuais W pertencentes
a uma feˆmea de Eremias velox, uma espe´cie de lacert´ıdeo, foram microdissecados, enriquecidos, e
sequenciados com a tecnologia da Roche 454. O trabalho descrito nesta tese empreendeu a tarefa de
tentar reconstru´ı-lo in silico, e validar esta assemblagem.
Para esse efeito, uma primeira assemblagem foi realizada com o software Newbler. Contudo, a
detecc¸a˜o de uma contaminac¸a˜o bacteriana nos dados sequenciados, que levaria a` exclusa˜o de mais
de metade dos fragmentos sequenciados, motivou o desenvolvimento de uma aplicac¸a˜o informa´tica
capaz de incluir todos os passos que constituem a assemblagem - desde o processamento inicial dos
fragmentos ate´ a` produc¸a˜o final de contigs - maximizando, assim, o nu´mero de fragmentos usados.
Os objectivos passariam por evitar a exclusa˜o desnecessa´ria de fragmentos, possivelmente relevantes
para na assemblagem do cromossoma W de E. velox, mas tambe´m para a obtenc¸a˜o de uma maior
profundidade e amplitude de cobertura do cromossoma, a fim de produzir um maior nu´mero de
contigs com elevado grau de confianc¸a. Por outro lado, a na˜o exclusa˜o de fragmentos de origem
bacteriana, permitiria usar a assemblagem destes como um controlo interno da validade da mesma.
Com o intuito de validar tanto a assemblagem efectuada pelo Newbler, assim como aquela efectuada
posteriormente com a aplicac¸a˜o desenvolvida, procedeu-se a` comparac¸a˜o in silico dos resultados
atrave´s da ana´lise do seu mapeamento contra o genoma da bacte´ria apontada como a principal fonte
de contaminac¸a˜o. Adicionalmente, para efeitos da validac¸a˜o experimental dos resultados obtidos,
alguns contigs produzidos pela aplicac¸a˜o desenvolvida foram selecionados e usados como modelo
para desenho de primers com o intuito de amplificar e sequenciar as amostras de ADN pertencentes
ao lacert´ıdeo, pelo me´todo de Sanger. Embora os contigs produzidos pelas assemblagens parecessem
ser candidatos promissores, o conjunto de testes preliminares com um pequeno conjunto de loci na˜o
resultou em qualquer amplificac¸a˜o das amostras de lacert´ıdeo.
Futuramente, o trabalho passara´ pela procura de novos contigs candidatos mais adequados, bem como
por explorar outros me´todos de validac¸a˜o que permitam inferir se algum dos passos, assemblagem
de contigs ou me´todos de validac¸a˜o de laborato´rio, poderia ser apontado como a causa principal que
pudesse explicar a falta de amplificac¸a˜o. Adicionalmente, dada a forte possibilidade de que a auseˆncia
de resultados positivos durante a validac¸a˜o laboratorial seja consequeˆncia da presenc¸a de um nu´mero
limitado ou abseˆncia total de dados de sequenciac¸a˜o referentes ao lacert´ıdeo, o que resultaria no
desenho de primers inespec´ıficos, dever-se-a˜o realizar novos esforc¸os de sequenciac¸a˜o reforc¸ando-se as
medidas para prevenir contaminac¸a˜o.
Palavras-chave: Enriquecimento Geno´mico Focal, Amplificac¸a˜o da Totalidade do Genoma a partir
de Ce´lulas U´nicas, Sequenciac¸a˜o paralela massiva, Assemblagem do Genoma, Cromossomas Sexuais,
Microdissecc¸a˜o por Laser, Microcromossomas, Lacert´ıdeos;
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Abstract
The relatively recent technological advancements in the genomics field epitomized by the development
of high-throughput sequencing methods have come to revolutionize it. Befittingly labeled as next-
generation sequencing (NGS), this technology exhibits as its main feature the capability to perform
in parallel multiple reactions, not only in a shorter amount of time, but also at a much lower price per
base, when compared to older sequencing methods. As a result, sequencing whole genomes, a major
feat at the time the first human genome was completed, is today a substantially more approachable
task.
While NGS methods have many advantages, drawbacks such as shorter read size, as well as platform
related biases and errors are known to be ever-present issues. These undesirable features may thwart a
subsequent genome assembly leading to a misconstrued genome picture where pieces may be misplaced
and/or missing.
The availability of cytogenetic tools to microdissect single chromosomes and enrichment methods
which permit their amplification give us the means to focus on individual chromosomal units. By
reducing the costs and computational complexity commonly associated with this kind of trial, as well
as improving the odds of assembly by subtracting the “noise” from other chromosomes, this type of
approach is particularly well suited for studies involving non-model taxa lacking a genome reference.
Squamate reptiles, a well-diversified group with a broad spectrum of reproductive and sex de-
termination modes and mechanisms, scatteredacross the entire taxa, tipify a case for which this
kind of approach should prove itself particularly rewarding. This diversity which manifests itself
by the presence of both genotypical and environmental sex determination systems, homogametic
and heterogametic sex chromossomal systems, different types of reproduction methods (oviparity,
viviparity, and ovoviviparity), and even parthenogenic individuals, is currently largely understudied.
In this context, this approach, which grants an opportunity to focus on important chromosomal
blocks, such as sex chromosomes, can help clarify their role in evolution and as diversity enhancers.
In addition, given the current lack of sexual markers for a particular monophyletic group of squamate
reptiles, the lacertids, availability of these molecular markers would be most valuable. Such markers
would not only provide a reliable method to sex individuals, but also and more importantly to perform
more detailed comparative genomic studies not only between lacertids but also at a broader scale.
As a proof-of-concept experiment, a female Eremias velox lacertid had several sexual W chromosomes
microdissected, enriched, and sequenced with Roche’s 454 technology. The work described on this
thesis undertook the task of trying to reconstruct it in silico and validate this assembly.
For that purpose, an assembly was primarily performed with the Newbler assembler. The detection
of bacterial contamination in the sequence data, which would lead to the exclusion of more than half
of the reads, prompted the development of a pipeline, motivated by the will to maximize the amount
of data available for the assembly. The goal being to prevent the loss of possibly relevant data, but
also to obtain higher depth and breadth of coverage, in order to produce longer and more reliable
contigs. Additionally, by not immediatly excluding the fragments of bacterial origin, their assembly
could be used as an internal control of the assembly’s validation.
To validate Newbler’s and our own pipeline assemblies, the results were first compared computation-
ally, by analysing their mapping to the bacteria genome found to be the main source of contamination.
Additionally, contigs assembled by the pipeline were chosen for further lab validation, by testing
primers, designed using as template the selected contigs, and verifying if these performed lacertid
DNA sample amplication. Although the contigs produced by the assemblies and used as template for
primer design were promising candidates, the set of preliminary tests with a small subset of primers
failed for to produce any amplification of lizard DNA samples. Future work should then pursue the
search for more suitable contigs candidates, as well as explore other validation methods to infer in
which side, contig assembly or lab validation methods, lies the cause responsible for the lack of lacertid
amplification. Additionally, due to the strong possibility that the lack of a positive lab validation
outcome was a consequence of the presence of a very limited amount, or absence, of lacertid sequence
data, which would result in the design of primers unspecific to lacertid, new sequencing efforts should
be undertaken in the future, employing additional measures to prevent contamination events.
Keywords: Genomic Focal Enrichment, Single Cell Whole-genome Amplification, High-throughput
Sequencing, Genome Assembly, Sex chromosomes, Laser Microdissection, Microchromosomes, Lac-
ertids;
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Chapter 1
Next–generation sequencing (NGS)
The sheer amount of genetic data produced since the next-generation sequencing technologies saw
the light of day half a decade ago (Margulies et al., 2005) is a clear signal that a revolution in the
genomics field is currently taking place. Despite the fact that this revolution yields a lot of answers
for current biological questions, and further allows scientists to engage in much more complete and
far-reaching scientific studies, it is not without its drawbacks. In that sense to make the most of this
novel technology it is necessary to understand what changes it can bring to the field of genomics,
and what exactly are its strengths and weaknesses so that meaningful results can be achieved. One
of the most notable innovations of this technology is the implementation of a method of “clone”
library construction directly from DNA molecules, as opposed to the construction of bacterial clone
libraries frequently used for large-scale sequencing with the older Sanger sequencing method (Sanger
et al., 1977). By choosing to perform clonal amplification it is possible not only to avoid the cloning
bias associated with molecular cloning, which often leads to a misrepresentation of certain genomic
regions (Bentley, 2008), but also the laborious tasks of construction and handling required to work
with the libraries used. In this newly implemented method libraries are instead generally constructed
by first fragmenting the DNA molecules (by sonication, nebulization or other shearing method), after
which they are end-repaired and polished to create blunt ends. This is followed by the addition of
a single A base overhang to the 3’ end of the sequence fragment, and finally ligation with designed
adaptors of known sequence to its both ends.
In the steps that follow, each of these fragments are denatured in order to create single strands, and
later hybridized to library template molecules, present either in beads or in a flow cell surface. Both
of these mediums are replete with amplicons, where amplification can take place either by emulsion
PCR (Dressman et al., 2003) (used by 454 and SOLiD), after the encapsulation of the beads by lipid
vesicles, or bridge PCR (Mitra and Church, 1999) (used by Illumina).1 In each case, clusters of the
same fragment are formed by amplifying it thousands or millions of times in beads or on flow cell
surface, respectively2. When beads are used these are either loaded into tiny wells or just ligated
1These have been the most extensively used methods, more recently new methods have been developed which won’t
be described.
2 In this context Helicos a sequence platform which doesn’t use amplification in its process can be considered an
exception given that it relies on sequencing single molecules skipping the amplification step. (Milos, 2008)
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onto a glass slide surface3. Sequencing adaptors are then added to the reaction, and respectively,
sequencing-by-synthesis, or sequencing-by-ligation occurs. The former involves the iterative addition
of single or multiples nucleotides, depending on the technology, to a growing DNA chain which
is the reverse complement of the template sequence, whereas for the latter fluorescently labeled
oligonucleotide probes are hybridized to the template. A commonality between both methods is the
parallel sequencing of thousands to billions of amplified fragments, or single molecules. In each cycle
of nucleotide additions, the hybridization of these with the template is followed by the emmission
of a fluorescent signal, which is registered. Depending on the method either each nucleotide or
combination of nucleotides addition generates a particular colour emission, or the flow cell is washed
with only one type of nucleotide at each cycle and the colour pattern is uniform4. Depending on the
consensus of the light signal emitted, a quality score is also attributed. The final result is a profusion
of sequenced fragments with different characteristics (e.g. size, nucleotidic content bias) depending
on the specificities underlying the method used.
Next-generation sequencing truly represents a paradigm shift in the sequencing realm, by effectively
superseding the Sanger sequencing speed and cost limits. The cornerstone of next-generation se-
quencing, is undoubtedly the simultaneous parallel sequencing of millions of DNA fragments, which
in the computational context are commonly designated ’reads’, a term that goes back to the days
when the sequenced DNA fragments were “read” from an autoradiograph of a gel by a human being
(Figure A.1 in the appendix) (Flicek and Birney, 2010).
Due to the above mentioned prized features, it is now possible, in a mere question of hours to days
at most, to sequence whole-genomes. In addition, it is done at a much lower cost, and in a less
labouriously intensive fashion, comparing to the older Sanger capillary method, the field’s standard
for nearly three decades.
These methods have been reviewed in the literature (Metzker, 2010), and an illustrative figure of the
above mentioned NGS methods can be found in the appendix as figure A.5.
1.1 Genome size, coverage and the importance of enrichment
The magnitude of information contained in a single genome is almost unfathomable. In number of
nucleotidic bases, it can vary from thousands (Nakabachi et al., 2006), in taxa such as bacteria, to
billions (Pellicer et al., 2010), in multicellular organism such as animals and plants
While genomes with up to one million base pairs, such as those of bacteria, can be reasonably
sequenced using Sanger’s sequencing method, as genome size increases, the more unsuitable the
method is for the kind of task at hand. This method inadequacy follows essentially from the high
costs, money and time-wise, that result from using it to sequence a whole genome. More so, if there
is an expectation to cover such a genome in an even way, but also with satisfying levels of confidence
about its true nucleotidic composition. It should be noted however, that this latter factor isn’t such
3 The use of tiny wells as a medium is employed by the 454 sequencing platform, while the latter medium, glass
side surface, is used by both Illumina and SOLiD.
4Additionally in the case of the 454 sequencing platform the strength of the signal may also reveal how many
nucleotides hybridized, but the sensibility is limited since signal saturation occurs.
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a prevalent issue with the Sanger method given that in general it is deemed to produce reliable
sequencing results.
A major feat at the time of its conclusion, the sequencing of the first human genome, which is
approximately 3 billion bp (base pairs), took 13 years to be completed and was initially funded with
3 billion dollars5. Today sequencing technologies such as Illumina (Illumina, 2007) can in a matter
of hours sequence as much as 1 billion bp in a single run, an amount equivalent in base pairs to one
third of the human genome. As a result, by the end of 2010, at least 2.700 human genomes had been
sequenced, and predictions suggested that this figure would, by the end of 2011, increase to more than
30.000 (Katsnelson et al., 2010). This ever-increasing trend in the number and variety of genomes
sequenced is correlated with a progressively lower cost, as both the price per sequenced megabase
and genome continues to decrease (See graphs A.2 and A.3 in the Appendix for a visualization how
these parameters have declined with time). Hence there has been a doubling of the amount of genetic
information in GenBank (Benson et al., 2004) around every 18 months since its creation in December
1982, with an initial amount of 680.338 bp (Figure A.4 in appendix shows the yearly growth in
number of sequences and base pairs).
Notwithstanding the deluge of genomic information that these methods generate, the particular
attributes of the reads produced as a result of the sequencing process should be clear in one’s mind
to apprehend its real value, and its repercussions. For one thing, it is fundamental to keep in mind
that, analogously to the older Sanger method, there are inherent biases in the sequencing library
preparation, but also on the actual sequencing of the reads, some of which tend to be platform-
specific (Whiteford et al., 2005; Huse et al., 2007; Dohm et al., 2008; Harismendy and Frazer, 2009).
These can range from a GC content bias, to non-random error occurrence, or low quality inherent to
a specific region on the read.
Moreover, the short length nature of the reads produced by NGS, compared to those of Sanger’s
sequencing, makes it imperative that these reads are oversampled for two reasons. First, in this
way the contiguous reads produced in the assembly step, also known as contigs, can be well-covered
depth-wise, i.e. with a sufficiently large number of reads overlapping, so that it is possible to ascertain
beyond question the original nucleotidic composition. Secondly, to ensure the genome is well covered
breadth-wise, since fragments originating from across the genome with a considerable number of
different nearby starting positions are required so that reads can overlap along the genome. In this
way, it is possible to mitigate the low connectivity effects arising from the short-read size.
Such issues, combined with the redundant nature of certain reads resulting from the genome repeti-
tiveness at small scales, and the randomness associated with the genomic library preparation, which
may fail to capture some genome regions, are responsible for the generation of gaps and possible
genome misassemblies.
It should also be remarked that sequencing whole-genomes has yet to reach a level where it is
economically feasible to routinely sequence all remaining taxa at an individual level. More so, if
uniformity across the genome and depth of coverage is sought, which can be particularly problematic
if the taxa under study have large and complex genomes.
Indeed, if genome size can present serious hurdles to the sequencing task and assembly, the same can
5More information available at http://www.genome.gov/11006943
4
be said of genome complexity. Due to sequencing platform biases and limitations, complex genomic
regions may either go unsequenced, or impose several constraints to its post-sequence assembly. This
is where the real bottleneck lies nowadays, as opposed to the genome sequencing step in the past.
Here again, as in the genome size issue, bacteria, with their compact genomes, have it simpler. While
these taxa only have a couple of near-identical repeats which exceed 200 bp (Van Belkum et al.,
1998), other taxa carrying more complex genomes have different genome repeat content. Human
genomes for example, show to different degrees, depending on the activity of LINE (usually ∼4kbp)
and SINE (between ∼500 bp and ∼1kbp) transposable elements, as well as the presence of genome
duplications and copy number variation, a higher rate of large and more repetitive regions. These
regions can amount to as much as 45% of the total human genome length, and in the more general
case of reptiles and other mammals, the fraction of genome with these characteristics ranges from
30% to 50% (Hughes and Piontkivska, 2005). If the sequenced reads overlapping these repeat regions,
are not long enough to encompass the entire repeat region, they are, due to their redundancy, limited
in the amount of information they can provide about the genome. In this type of cases however,
special types of reads, namely paired-end and mate-pairs, can be employed to help resolve some of
this repeat generated complexity (Medvedev et al., 2009). These can extend over a larger stretch of
the genome, and each end of the pair is separated by a known distance. This allows for repeats to be
distinguished, even if one of the ends falls within the repeat region, by using the information provided
by the opposite end mapping to a unique region. The limitations and implications associated with
these repetitive regions in the assembly success, and how these former type of reads may help, will
be more fully explored in subsection 1.3.
Currently, coverage can be used to convey three distinct concepts, which need to be properly
distinguished in order to avoid any misinterpretation that may result from the arbitrary use of
the term.
Two of these types of coverage have already been briefly mentioned above. These are breadth of
coverage, which provides a theoretical or empirical measure of how much of a target is covered in
width, and depth of coverage, concerning the number of nucleotides contributing to the assembly of a
particular contig. A third type of coverage is fold coverage, which concerns the theoretical expectation
of the shotgun sequencing outcome, expressed in terms of average nucleotidic base oversampling across
the whole genome.
If every type of coverage is identified accordingly:
• B - breadth of coverage
• D - depth of coverage
• F - fold coverage
And the following parameters are given:
• T - target size
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• A - assembly size
• L - read length
• n - number of reads
Each type of coverage can be calculated respectively by:
• B = A/T
• D = (nL)/A
• F = (nL)/T
These are used to assess both the success of the sequencing step, and the difficulty associated with
it. While the theoretical fold-coverage is more commonly used to estimate the number of gaps in the
target coverage in width, by using a mathematical model based on Poisson statistics developed by
Lander and Waterman (1988), the other two report to the actual values of the data obtained.
Fold coverage is particularly relevant due to the current limitations of sequencing technologies. Given
the current impossibility of sequencing genomes into unique contiguous reads, due to the short size
of the reads when compared with genome size, ingenious approaches were suggested to overcome
this limitation. One of such approaches, termed whole genome shotgun sequencing (Staden, 1982),
is based on the random shearing of genomes in multiple small fragments better tailored for being
sequenced. This is then combined with oversampling of the targeted region, to achieve a better
coverage both in width and in depth. The assessment of the required oversampling is usually based
on the mathematical model developed by Lander and Waterman, which can predict the amount of
oversampling (fold-coverage) required to ensure that each base is covered at least once.
Breadth of coverage mainly depends on the presence of repetitive regions (eg. duplications, trans-
posons, and tandem repeats), and polymorphisms (copy number variation, SNPs), the random chance
associated with fragment sequencing, and the sequencing-platform related biases and limitations.
Each one of these factors may induce what is commonly termed as gaps in coverage. In the absence
of a genome reference, this phenomenon results in the impossibility to assemble the regions aﬄicted.
However, even if a genome reference is available, the capacity of the assembly step to detect and
distinguish all polymorphic variants may be affected, in the case these happen to fall on regions with
zero, or only partial coverage.
Lastly, depth of coverage has, particularly in the context of NGS, a major impact on any genome
assembly. It is an inestimable resource for the process of sifting through the possible sequencing
errors, and importantly distinguish these from true polymorphisms. Thus, it is the ultimate validation
feature that is available to an assembly.
For example, considering a hypothetical single read which is said to have a 1% of error rate. A 10
fold coverage of this same read, supposing all 10 reads match perfectly along part of their entire
length, would lower the error rate associated with this particular alignment to 10−20, making it
very improbable, although not impossible, that an error is present in the alignment. The low
probability associated with this event is then so small that it is reasonable to accept this as a
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measure of the reliability of the alignment. From this example it is possible to understand how the
confidence associated with an assembly stems in some way from the the depth of coverage available.
Similarly, if this was a diploid individual with a 20-fold coverage of the same region, but containing a
polymorphism in a particular nucleotidic position, such that sequencing this region would generate ten
reads with a given SNP and the other ten with yet another SNP, the relatively high abundance of two
sets of reads each differing only in one position would support the presence of a true polymorphism,
and not that of an error. It is important however to set a minimum threshold on the length of the
alignment. This follows from the fact that the smaller the read length, the more probability there is
of random alignments to happen, making it difficult to confidently differentiate not only errors from
polymorphisms, but also a true alignment from a spurious one.
However, there is a theoretical limit on the maximum depth coverage required for an assembly. After
such threshold is surpassed the assembly will barely see any significant improvements. This occurs
mainly in virtue of the limitations imposed both by the size of the reads, as well from the genome
complexity, where particularly repeat saturated regions may play a big part if consistently larger
than the reads. Theoretical simulations with assumptions of infinite coverage and error-free reads
showed that the assembly of a 4 million bp E. coli genome (Blattner, 1997), with 20 bp single reads,
could only put as much as 10% of bases in contigs of 10 kbp or more (Whiteford et al., 2005). This
simple theoretical simulation shows that there is a limit on the coverage benefits, thus demonstrating
that both genome complexity, and read length, also may play a significant role in the success of the
assembly.
Taking into account the previous arguments, it is easily perceived that despite the great progress
made, sequencing technologies still face some arduous challenges which have yet to be effectively
tackled. These challenges mainly concern the production of long, unbiased and error-free reads, and
their resolution would significantly improve the genome assembly qualities. Currently because of
the NGS limitations, and the lack of effort to complement the large scale NGS projects with Sanger
sequencing, although the genomes of several species are now available, less than 80% of the sequenced
genomes can be considered effectively reliable (Alkan et al., 2011).
Furthermore, and considering that the high costs associated with sequencing still make it a quite
impractical and far from trivial step, the aim should be to focus on a particular region of interest
by enriching it. Doing so will maximize the amount of sequenced data which is both reliable and
target-specific. Thus, this approach truly represents the best value for money, while at the same time
facilitates the assembly task, which currently faces the quixotic undertaking of piecing together all
the tiny portions originating throughout a genome.
Genomic enrichment, defined as the capture of a target region of interest (Teer et al., 2010; Mertes
et al., 2011), is then, for several reasons, a logical choice prior to sequencing. Firstly, it can be used
on different genomic scales, meaning that if there is a desire to study a particular region, it can be
directly targeted and optionally amplified. This is valid for individual genes, linkage groups, whole
chromosomes, or even a mutually shared region across several chromosomes such as one containing
microsatellites or other motifs. A selective enrichment contributes then to a reduction of the noise
which would be generated from sequencing non-targeted genomic regions. At the same time it also
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reduces the work overload usually associated with assigning sequenced fragments to the respective
chromosomal units. Lastly, given that the sequencing is circumscribed to a smaller region, not only
will the region of interest be better covered in depth, but also breadth-wise. This lends an additional
sense of confidence towards the data produced, and its prospective assembly into large contigs.
The above mentioned arguments are especially preponderant for small scientific groups, which often
lack the means to produce and/or analyse whole-genomes. Enrichment can be depicted as a suitable
“pathway” to partake on the exciting whole genome exploration, and also to pursue small-scale
comparative genomic research. This would enable comparisons between individuals from different
populations to take place, which is highly prized, but currently not feasible at the whole genome
level. But above all, these arguments lay out the preponderant role of enrichment as a source of
reliable and target-specific data.
1.2 Current enrichment pathways
Presently, there is a plethora of enrichment pathways available. Each of these make use of slightly
different approaches with the same goal of representing in a thorough way, a specific targeted genomic
region
The choice of a pathway depends both on the aim of the research, and the cumulative knowledge
about the target sequence. In the case the target sequence is known, a myriad of enrichment options
exist which mainly involve array and primer design. The designed hybridrization probes will prime
the template sequence, and amplification of the target sequence may, or may not, take place.
However, even if no information is available about the nucleotide composition of the targeted sequence,
molecular and cytogenetic techniques can be used to circumscribe this nuisance.
Cytogenetic tools provide convenient ways of distinguishing particular chromosomes, or even regions
within chromosomes. They do so by exploring the characteristics of the biological units’ cytological
structure, permiting its clear identification, so that they can be isolated, and further enriched.
To isolate and obtain specific targets, suitable options include FACS (fluorescence activated cell
sorting), a special type of Flow Cytometry (FCM) which sorts chromosomes with a laser system
according to their size and fluorochrome affinity. However, this approach lacks sensitivity for the
isolation of small chromosomes (Zhou and Hu, 2007). FACS can be combined with microdissec-
tion in order to isolate specific chromosomes.The chromosomes are then amplified by degenerative
oligunucleotide PCR (DOP-PCR) (Telenius et al., 1992), an amplification method that makes use
of degenerate primers, in order to create biotin ligated FISH (Fluorescence In Situ Hybridization)
probes for chromosome painting (Griffin et al., 1999; Harvey et al., 2002; Henning et al., 2008). This
allows the identification of chromosomal-specific regions which can be further microdissected and
amplified.
Aside from the cytogenetic enrichment techniques, there are, as previously mentioned, a large array
of molecular enrichment techniques available.
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One example of a method that doesn’t explicitly involve probe design or require extensive knowledge
about the sequence being targeted is Restriction Site Associated DNA (RAD). This method aims to
reduce the complexity associated with the sequencing of genomic regions. Initially developed to detect
polymorphisms by retrieving regions of the genome and using these to create a microarray (Miller
et al., 2007), it can now more effectively target whole genomes which may lack a reference genome,
or specific genomic regions common to several individuals from a population by combination with
NGS technology. This is both useful for approaches that deal with polymorphism discovery (Stapley
et al., 2010), and assembly de novo (Etter et al., 2011). It uses a restriction enzyme to cut the
genome at a desired frequency, proportional to the abundance of the targeted motif in the genome,
and normally produces between 10.000 to 100.000 RAD sequences. Furthermore, since the genome
is cut by restriction enzyme on specific regions, the fragments produced will all originate from a
few relatively space consistent places as opposed to shotgun sequencing which randomly produces
sequences from across the genome. These sequences are then adaptor-ligated and can be retrieved for
further processing. The recent development of paired-end sequences for this method yields fragments
which are particularly useful for genome assembly (Etter et al., 2011).
Other enrichment techniques which require probe design are also available, of which only one,
polymerase chain reaction (PCR) (Saiki et al., 1988), can also be used for reference-less target
sequences. This technique requires however, some modifications which are described in more detail
on section 2.3.
Besides PCR, the other most popular techniques currently in use are respectively molecular inversions
probes (MIP) (Hardenbol et al., 2003), and hybrid capture (Lo¨rincz, 1998), either on-array, or in-
solution.
Each one of these methods have several different features which need to be weighed up before settling
for one approach, and so accordingly, a brief introduction to the most used approaches follows.
To compare each approach, several parameters should be taken into account. These encompass the
DNA amount required, the method’s specificity and sensitivity, the ability to reproduce the results
accurately, and even coverage of the selected region.
Quite possibly one of the most popular methods of amplification is PCR. This is the standard method
for amplification used in a normal NGS procedure, although with minor variations depending on the
platform. It uses a pair of oligonucleotid DNA strands which connect to opposite ends of the target
sequence, and can be as specific as desired, provided that the target flanking regions are unique
enough. While PCR is commonly used to target regions not much longer than a few thousands of
base pairs, the use of modified protocols can produce fragments exceeding 20kbp (Hogrefe and Borns,
2011). However, aside from the requirement to previously know the target sequence composition to
design probes, which can be overcome by using known adaptors to flank the target and designing
probes for these, other limitations exist. In particular straight multiplexing issues can happen when
multiple primers are used simultaneously. This is due to the unexpected associations which can
occur between them, but also due to the competition for resources between the growing fragments
(Edwards and Gibbs, 1994). For both these issues there are strategies which can effectively overcome
the inherent limitation and allow for multiplexing to take place (Fredriksson et al., 2007; Meuzelaar
et al., 2007). In addition, as they grow in length, long amplicons are progressively less reliable copies
of the target (Barnes, 1994). Furthermore, due to selective bias towards certain sequences (Warnecke
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et al., 1997; Polz and Cavanaugh, 1998; Acinas et al., 2005), a normalization is required in order
to acquire a better sample representation, and it is often the case that several optimizations are
required for the PCR both to work correctly and require a lower initial DNA input. Given the high
reagent-cost, and in the case of DNA sample paucity, optimization can be problematic. Nonetheless,
overall PCR is known to have good specificity and sensitivity levels, and given that its reproducibility
is high, it can be seen as a dependable method, capable of covering the target beffitingly.
Another method, MIP, uses molecular inversion probes to capture the target sequences. These
oligonucleotid DNA strands are composed of a common linker, and a target-specific sequence on
both ends. When the target is captured, it undergoes an inversion in configuration, and a cir-
cularization occurs, instigated by the action of a ligase enzyme (Nilsson et al., 1994). Then the
non-circularized sequences are digested by an exonuclease, thus reducing the background noise, while
the remaining are amplified by using primers aimed at the linker sequence. The specificity employed
in the target-specific flankers on the probe, partially dictate how successful this approach will be.
The characteristics of the probe make this an optimal method for multiplexing, and permit the
concomitant amplification of several samples. Additionally, analogously to the PCR method, this
approach deals with genomic DNA as input, instead of shotgun created libraries, which translates
into a lower DNA input requirement. However, the total achieved sample coverage uniformity is
low compared to the other two methods (Mamanova et al., 2010), indicating the need for further
optimization. Overall, the features exhibited by this method, show it is an appropriate enrichment
method, but the lack of uniformity observed advises one to use it for cases where there is a larger
sample number, but low number of targets, maximizing its potential advantages.
Hybrid capture encompasses the other two most popular methods for enrichment. Even though these
are based on the same principle, they differ slightly on the method utilized to perform the enrichment.
While one is array-based, the other is solution-based. To capture the targeted sequence, the array
approach uses a shotgun fragment library, thus requiring a greater initial quantity of DNA, which
is hybridized to a microarray slide containing thousands to millions of immobilized oligonucleotid
probes. The sequences which don’t hybridize with the probes, i.e. non-specific sequences, are then
washed away, and the remaining, i.e. the target DNA, are eluted. While the costs associated with
the hardware are considered to be high, the process requires less work and is faster than the standard
PCR technique (Mamanova et al., 2010). The solution-based approach attempts to alleviate some
of the issues present in the array-based method. It employs an higher-ratio of probes over template,
effectively reducing the amount of initial DNA sample needed (Gnirke et al., 2009). Furthermore it
overcomes the high costs involved on the array-based approach, by not requiring expensive hardware.
Thus, in virtue of the particularities of this later approach, it provides an higher specificity and
uniformity on the target capture, and can be more easily scalable.
For more comprehensive comparisons between the methods, and detailed reviews see Garber (2008);
Summerer et al. (2009); Turner et al. (2009); Mamanova et al. (2010); Teer et al. (2010).
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1.3 The issue of assembly
Sequence assembly is a computational challenge that has as final goal the reconstruction of a particular
genetic sequence of interest. To accomplish this task fragments are generated by a particular
sequencing platform, thereby concomitant with all the hindrances associated with it. In an utopian
realm where sequencing technologies would generate error-free sequence fragments with length equal
to that of the sequence of interest, there wouldn’t be much of a challenge to accomplish in terms of
sequence assembly. However, state-of-the-art sequencing technologies are currently limited in both
the size and accuracy of the sequencing reads they can generate, resulting ocasionally in impractical
sequence assemblies, particularly for genomes presenting some level of complexity.
In order to alleviate the constraints introduced by such limitations sequencing platforms utilize two
important approaches. These are “shotgun-sequencing”, a technique by which DNA samples are
randomly shreaded physically, and sequence oversampling, which is the amplification and sequencing
of the DNA sample, so that each genomic region is sequenced multiple of times. The first, “shotgun-
sequencing”, breaks DNA into smaller sequentiable fragments, with originate from multiple different
different genomic origins. It is this latter propriety that improves the chances of constructing long
unique sequence paths, obtained from the inferred hierarchical overlaps. The second, sequencing
oversampling, provides a way to properly distinguish errors present in some of the reads from
polymorphisms, by contributing of the same regions several times, so that further statistical analysis
may lead to error identification. The role of the two can be seen more clearly in figure 1.1).
In the typical greedy algorithm6 each contig will be assembled by comparing each read in pairwise,
and merging them if these overlap. This process is repeated until no more reads can be merged, and
should optimally lead to a single contig corresponding to the sequenced chromosome, or part thereof.
However, achieving such a high degree of success in a sequence assembly is not as trivial as it may
appear. Due to the high complexity it may involve, it is a challenge which can only be solved in both
timely and in an effective manner if undertaken in silico.
The characteristics intrinsic to the sequenced reads and the assembly’s ultimate goal, make it easy
to understand why sequence assembly can be seen as a task akin to that of piecing together a large
and complex jigsaw puzzle.
A major factor underpinning the effective completion of a jigsaw puzzle is the presence of a box,
where an image depicting the puzzle’s solution can be found, or absence thereof. This box can present
several states of degradation, to the point that parts of the solution may be visually uninterpretable,
or even belong to a somewhat similar puzzle. The puzzle’s box analogy draws a parallel to the
task of sequence assembly where the box stands for genome reference. In general terms, it is this
feature which divides sequence assembly into two categories. These are reference guided assembly,
more commonly called mapping assembly, and assembly de novo. Mapping assembly is preferably
performed with the sequenced taxa’s genome reference (original box), or otherwise using genomes
6Greedy algorithms are probably the simplest approach to the assembly problem. Other algorithms with slight
variations exist. For a better overview of the existing algorithms see (Miller et al., 2010)
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Figure 1.1: Hierarchical sequence alignment A) The overlap of reads which share part of their
nucleotidic bases gives rise to a consensus contig summarizing their information. Each read when
shown not overlap totally with another, effectively extends it, since the outcome is a longer fragment.
In this particular example the contig seems to be well covered, mainly at its central portion, and
lacking any disagreements between reads, which confers some degree of confidence to its assembly. B)
In the absence of total agreement between reads, and sufficient coverage of every contig’s position,
a complete and reliable consensus can be unattainable. In this example, nucleotides in the reads
which differ from the consensus in A, are marked in red, and dashes represent deletions. In the new
consensus, question marks represent positions whose identity couldn’t be decidly inferred, and pink
characters represent the best guess at the true contig’s nucleotide identity, given the presence of more
than one option in the reads. The variation present in the reads may be due to errors or sequence
polymorphism. Due to the lack of sufficient coverage, a definite guess could not be confidently made
for some of the contig’s positions (marked with questions marks), while in others faced with the one
option for a single position, the most probable nucleotide given its frequency was suggested (marked
as pink characters). C) While in this example, which includes the reads from B in addition to other
four reads, it is still not totally clear if all the uncalled positions in B were errors or polymorphisms,
the level of confidence on the consensus contig generated has increased, and two extra calls were
made (7th and last positions of the consensus). Depending on the known read’s error rate, and on
the importance of distinguishing errors from polymorphisms, if necessary more depth of coverage
could be sought to arrive at a more confident consensus.
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from taxonomically related or the same taxa (box from similar puzzle). The success of this assembly
will vary depending on the completion level and reliability of this reference (how well conserved the
box is). The availability of such information grants a way to more aptly piece together the reads and
order them more accurately and efficiently by aligning these to a genome reference and seeing where
they map7.
On the other hand, assembly de novo relies solely on the information provided by the generated
reads, that is without any guiding reference. Often, this may be the only available option for studies
focusing on non-model taxa, such as the lacertid dealt with within this thesis, due to the lack
of sequenced genomes for comparison. Due to the strict dependence of assembly de novo on the
reads information, factors such as genome complexity and lack of coverage additionally increase the
difficulty associated to this challenge. This stems not only from trying to correctly piecing together
the multitude of reads, but also from the extra effort required to blindly validate these connections.
Without a genome reference the presence and amount of missing or even mis-assembled contigs may
be impossible to ascertain, as these particular instances are usually imperceptible to the researcher’s
eye just by looking at the contigs.
Still considering the jigsaw puzzle analogy, the assembly process is further complicated by its pieces’
characteristics. In particular the reads can be compared to that of a peculiar jigsaw puzzle, where
pieces are small, can only be pieced together by a partial overlap between the pieces instead of just
locking, a portion of the pieces are missing or damaged, can represent either a normal or a reverse
version of the puzzle, some of them were faultily designed and represent two pieces in a single one,
and lastly there may be pieces which don’t even belong to the puzzle in question. The resolution of
this puzzle poses a great number of difficulties, which can be ameliorated by adding an extra set of
reads from other boxes containing the same puzzle whence some of pieces might differ slightly, i.e.
the result from another sequencing effort for the same or related taxa. However, this comes at a cost
since more time will be necessary to compare each piece.
Ultimately unless the puzzle complexity is either low, or there is a good balance between the reads
quality and length, there will be mis-assembled pieces. This may results from the pieces’ redundancy,
i.e. lack of read resolution to decidedly position them in a particular genomic region, the presence
of errors, or due to the undesired presence of pieces from other puzzles.Furthermore, as there can be
some pieces missing from the initial set, without a reference the puzzle cannot be completed unless
new pieces are generated.
This puzzle pieces analogy gives an intuition of the problem related to hypothetical contamination,
and conveys a modest idea of why the features particular to each sequencing platform can pose some
problems to the assembly. These were described above in the faulty puzzle analogy, and translate into
the sequenced fragments read-length, base-call and homopolymer errors, the gaps in the coverage,
presence of both forward and reverse read orientation, and chimeric reads, alongside with the massive
production of reads.
An additional factor complicating the assembly challenge, and a main cause for the scarcity of finished
genomes, is genome complexity. This can be as well represented by yet another jigsaw puzzle analogy,
where the complexity can be equated to the blue areas in a puzzle depicting a picture of an almost
7The success of this approach relies in the similarity between the sequenced and reference genome at both nucleotidic
composition and lay-out. In the presence of differences, misassemblies can be produced unbeknowst to the researcher.
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completely blue sky, for which there may not be a reference to follow. In such case, it would be
possible to place each blue piece in several positions, without a way to verify if each is correctly
positioned.
Equivalently, in the event that this worst-case scenario should happen in a genome, it is not certain
that a reasonable sequence assembly would be attainable. Genome complexity, in the assembly
context, refers to genomic regions where tandem repeats, duplications, and transposons, among
other repetitive elements exist.
Whilst the short size of the reads generated by NGS may not be detrimental to the assembly step,
provided they originate from genomic regions with a high degree of uniqueness, the same cannot be
said if they derive from complex regions, namely either from the immediate adjacency or inside of
repeat filled genomic regions (figure 1.2). When totally contained within the latter regions, reads,
when assembled, will most likely collapse into an unique contig. This may happen even if they belong
to different genomic regions, provided that both regions present similar repeat patterns. Furthermore
the size of such contig may be severely underestimated if the repeat pattern, captured by the reads,
is found to be self-repeating over the a particular complex genomic region. Often if this happens
the result is a contig whose size may be no longer than the longest read encompassed by the region.
Otherwise, in the case that reads originate on the adjacency of similar repeat regions, these may be
erroneously merged if they overlap over the shared repeat pattern, which may happen in cases such
as genomic duplications.
Ultimately, however, while the amount of complexity in a genome may constrain the assembly, the
degree of constraint depends strictly on each reads’ size.
To better explore this notion, it is convenient to look at the extreme cases of read length and their
informative value. This can be done by simulating a genome, randomly created, and dividing it into
all the possible polymer of n nucleotides, or n-mers, starting at length of two 8.
If the set of reads available consists solely of n-mers of size two, it can be easily inferred that no
reliable assembly can possibly be produced. In this particular scenario, the overlap between reads, if
partial, would result in the extension of a read by at most one nucleotide and, if total, no extension at
all. The physical overlap limitation of at most one nucleotide, combined with the random occurrence
of nucleotides across the genome, means that no unambiguous contig could ever be produced with
absolute confidence. In this case, by chance, most reads will align with high probability, even if they
originate from distinct regions in the genome. If the size of the n-mers in this example is progressively
increased, the fraction of unique reads, i.e. reads which only appear once in the genome, will naturally
increase. Intuitively, this results in a decrease of the amount of possible false overlaps between reads,
i.e. occurring by chance, since the probability of two reads sharing most of their nucleotides, if
unrelated, decreases as n increases. The progressive reduction of the overall level of reads’ ambiguity
as their size increases, allows for a more able distinction of true from false overlaps, improving the
chances of producing unambiguous true contigs. If the size of the reads is continually increased,
ultimately, the read’s length will match that of the genome. In this extreme case of the example the
fraction of unique reads is 100%, or put in another way, one unique sequence is enough to cover the
whole genome.
8N-mers containing only one nucleotidic base cannot possibly add any information to a sequence assembly and thus
are not considered.
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An important feature of the trend that correlates read length increase and the progressive approach-
ability of their unequivocal assembly, is that it increases exponentially. That is, small increases in
read length rapidly translate into verifiable improvements of the assembly step (Schatz et al., 2010).
However, contrary to one of the previous simplifying assumptions, genomes are not entirely random.
They are the byproduct of billions of years of evolution, and accordingly have accumulated specific
patterns. Such patterns, such as tandem repeats or region duplications, may hardly differ at all,
and are repeatedly present throughout the genome. Thus, whilst longer reads greatly improve the
chances of unambiguously producing contigs, the exponentiality of the previously mentioned trend,
will greatly depend on genome complexity. In normal conditions, the purported trend will not be
so pronounced were the genomes to be completely random, and therefore contain every possible
nucleotidic combination in equal numbers.
An additional conclusion that can be extracted from the previous thought experiment, is that even
with infinite depth genome coverage, if the reads are short, any reasonable assembly will be out of
reach. That is, independently of how much the genome is sequenced breadth and depth-wise, with
excessively short reads not much can be inferred about the sequence of interest. This is not to say that
depth of coverage is deemed as superfluous. In fact, not only is it useful for error-resolution and to
confidently connect the reads, but it also confers the ability to identify repetitive regions, which often
produce contigs exhibiting inordinate depth of coverage levels in relation to other contigs, thereby
allowing them to be more aptly and promptly identified.
While the high-throughtput sequencing technology has been progressing steadily since 2005, with
increasingly higher throughtput and longer reads at a signifcantly lower cost, even the longest single
reads now produced by Roche’s 454 GS FLX Titanium XL+ system 9 lack enough length to resolve
some of the longer repeat regions, or part of the genome regions will fail to be sufficiently covered,
especially when the genome shows some degree of complexity.
Fortunately, as the NGS technology advances, wet-lab techiques which were initially only available
for the Sanger sequencing method are also available for NGS technologies. Of particular interest
for assembling complex genomes are the mate-pairs and paired-end reads. These provide auxiliary
information to the assembly, by being able to span medium to large genomic regions, allowing the
assembly to be better validated.
These reads differ from the single reads in the sense that only the segments’ ends, which are separated
by a large insert of pre-determined length, are sequenced. Additionally, both show the ability to
connect contigs or reads, whose extension was inhibited by either being in the adjacency of long
repeat regions, or regions lacking coverage or not sequenced. Although serving the same ultimate
purpose, they differ in their generative process, properties, and applicability. Mate-pairs, which are
able to encompass larger genomic regions, are reads created by fragmenting the targeted genetic
sequence, and circularizing size-selected inserts by linking an internal adaptor. These circularized
elements are then randomly sheared, and the fragments containing the adaptor are purified, after
which they are sequenced. Even though they are expensive to get, slow to obtain, prone to statistical
errors, and incapable of spanning regions longer than 20kb, they are still quite relevant in the actual
sequencing context. In particular they are capable of bridging large regions with repetitive elements,
9According to the information made available by Roche reads can now reach sizes up to 1kbp
(http://454.com/products/gs-flx-system/index.asp).
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providing a valuable method for informative mapping of the genome.
The other type, paired-end reads, are generated by fragmenting the target sequence into segments
typically of 500 base pairs or less, and sequencing both ends of the segment. These possess the same
difficulties associated with the mate-pair reads generation, but provide higher resolution than these,
and are essential for resolving the complexities created by some of the shorter repeats, or reads in
the adjacency of repeat regions.
For both mate paired and paired-end reads, different insert-size libraries can be created to cover
different levels of resolution, improving the mapping of the reads at various scales, and helping
reduce the number of gaps between contigs.
The assembly issues however are not limited to genome complexity. To some extent polymorphisms,
i.e. SNPs, copy number variations, and polyploidy, add some computational complexity to the already
onerous assembly task. This follows from two different causes. The first is related to the way repeats
are recognized in the assembly step, and the second to the confounding effects emerging from the
presence of reads with errors.
Correctly addressing polymorphism detection can be troubled by the fact that compositionally similar
reads can either result from the oversampling of one same region, or from different regions across
the genome, which depending on the scale it is looked at, may look the same. Because heuristic
approaches are often employed to perform an assembly, certain shortcuts end up being used, which
can lead to some undesirable consequences. An example is the filter used by some assemblers to
identify and afterwards exclude repeats. This is commonly done by the detection of reads with an
average depth of coverage above the background levels across the genome (Schatz et al., 2010; Miller
et al., 2010).
While often this repeat filtering can be desirable, there are cases in which it is not, such as gene
duplications, which often accumulate different polymorphisms, or in the case of polyploidy, where a
multitude of different alleles may be present. Indeed, failure to capture the variation between these
polymorphic regions, may erroneously lead the assembler to deduce that it is in the presence of a
repeat, excluding the reads involved (Fig. 1.3). This problem, present in the assembly of individual
genomes, can also be observed at the taxa level when dealing with, for example, metagenomic samples.
As an example, in a particular study, metagenomic samples recovered from several locations of the
ocean, were sequenced and shown to have uneven levels of coverage across the reads. Reads with
excess of depth of coverage were then assumed, by the assembler, to correspond to repeats, leading
to their removal from the dataset. Only posteriorly with the re-identification of some of the reads
as belonging to some of the most commonly occurring members of the metagenomic population,
was the erroneous exclusion noticed and reversed (Venter et al., 2004). In this case, due to the
filter’s stringency, repeat-induced misassemblies were avoided at the cost of the exclusion of an
important part of the samples in the final assembly (Pop, 2009). This highlights the need to carefully
consider all parameters of a filter, by taking into account both the purpose of the experiment and the
characteristics of the data. Alternatively, instead of relying on heuristic filters, one could choose to
employ filters which would decide to take action, or not, by assigning probabilities to different events
based on a probabilistic model, and deciding upon these.
The second issue related to distinction of polymorphisms from errors, arises from the presence of
17
erroneous reads, which in some instances can be difficult to distinguish from true polymorphisms.
These reads may cause breakpoints in contigs whenever they diverge from the consensus, in the
very same way a true polymorphism would. The essence of the problem lies in the lack of enough
depth of coverage from reads from a particular polymorphic genomic region, which fail to thoroughly
represent one or more of the polymorphisms present. This may lead the assembler to take essentially
two different routes. To be conservative and dismiss these polymorphic reads as errors, or instead
require a decrease in the stringency threshold required to identify polymorphic reads as being truly
polymorphic, which also increases the chance of labeling errors as polymorphisms. This trade-off
involved in the discovery of polymorphisms is relevant both at the intraindividual and interindividual
level. In the former case if the individual happens to be polyploid, and is heterozygotic at a given
locus so that two or more different alleles are present simultaneously, these alleles differ by as few
as one nucleotidic base. Distinguishing the presence of a fragment with an error from the different
allele variants may be confounded by lack of depth coverage of some allele variations. This poses a
problem which is often solved by a compromise similar to the trade-off previously described. The
same problem can be found if there is copy number variation, with the additional aggravate that the
polymorphism is not exclusive to polyploid taxa, since it may happen within the same chromosome
in haploid individuals. In the latter case, besides the issues present at intraindividual level, there is
an extrapolation of these problems to the variation between taxa. This is particularly problematic
when sequencing metagenomes. These are composed of genetic material from environmental samples,
which means that a large number of taxa are concurrently sequenced. In this case often some taxa
will occur with low-frequency, and also polymorphisms between different taxa will be present. To
avoid filtering out low frequency fragments and true polymorphisms as errors, the filter’s stringency
needs to be relaxed. As in the repeats identification problem, at the time of the assembly it is then
necessary to ponder well about how to approach the problem depending on each project final goals.
In some cases it may pay off to be conservative. and lose the polymorphisms to end up with a clean
assembly. Conversely, sometimes it is better to have a relaxed approach potentially leading to the
inclusion of data with high error content, but which will guarantee the capture of the polymorphic
variation.
All the previously enumerated issues engender a set of challenges that are both computationally and
memory intensive for the assembler. Furthermore, the specificities related to the reads produced
which vary by sequencing platform demand that the algorithm is fine-tuned to more aptly exploit
the data richness.
Most of the algorithms developed so far to deal with the sequence assembly challenge fall mainly
under two types, namely greedy and graph-based (the difference will be more fully explored in
section 5). Since initially these were developed primarily to deal with the assembly of the longer
and more reliable Sanger sequencing reads, usually generated in much smaller quantities, the original
configurations used by the assemblers were inadequate to deal with the typical NGS throughput.
Only more recently, with the need to better address the particular characteristics of NGS reads,
were the algorithms adapted to address the voluminous short-read datasets produced by the NGS
technologies.
Under many of these formulations the assembly problem has been shown to be NP-hard (non-
deterministic polynomial-time hard) (Myers, 1995), a type of problem which is characterized by
the lack of efficient computational solutions since it scales exponentially with the input size, which in
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simplistic terms relates to a problem’s tractability. However, so far the empirical results have shown
that heuristics, which assume some simplifications to reduce the complexity inherent to the problem,
perform well in practice.
Some of these simplifications encompass whole algorithm categories, while others are specific to
certain assemblers. An example of a trade-off common to some assemblers is the exclusion of the
quality values commonly produced for each read produced, due to the substantial increase in the
use of CPU and RAM, with negligible effects in the assembly. Furthermore, the poor and limited
currently available metrics, used to assess the assembler performance, may not be able to detect these
quality issues. Such cases, where the quality of the assembly produced can be mistakenly interpreted
as good, can be exemplified by assemblers which either produce large, but misassembled contigs, or
those that produce extremely accurate contigs, but overly short. If in the former case the typical
assembly metrics, such as the size of contigs or N5010, will show optimal results, failing to reveal
that these were misasambled, in the latter case the reads will show great concordancy and merge
into unambiguous contigs, but due to their short size will be useless since the amount of information
that can be extracted is minimal, and tasks such as gene annotation can hardly take place. These
two examples represent both the extreme cases that occur when the algorithm is either relaxed, and
fails to separate the ”wheat” from the ”chaff”, where wheat represents the error-free reads and chaff
the erroneous reads, or conservative, in which all the problematic repeats or ambiguous reads, true
polymorphisms or not, are excluded. Deciding which solution represents the perfect balance, will
often require more than the typical heuristic approach, and should instead be trusted to a method
which incorporates a probabilistic-based model, conditional on the data available and a set of priors.
Sequence assembly success will then ultimately depend on the ability both to recognize that different
datasets require different approaches which can fully account for the particular data characteristics,
and understand the limitations that these and the genome complexity impose on the assembly task.
These will allow for a better algorithm choice, which may be able to fulfill the goals set at the start
of the experiment.
10 This metric is the lower contig length threshold above which 50% of the assembly is contained.
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Figure 1.3: Polymorphic sequences A) Two haplotypes diverging in the middle section. B) Two
true paths exist in this case, which share their ends. To identify such cases the amount of depth of
coverage should be high for both versions of the polymorphism, or else one may be discarded as an
error. Figure adapted from A. Policriti.
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Chapter 2
A karyotypic microdissection
enrichment pathway
2.1 Developing karyotypes - to culture or not to culture
To ensure the enrichment success of a specific chromosomal unit there is an implicit two fold
requirement. The targeted chromosome should be clearly distinguishable, and several copies of the
chromosome should be obtained.
Cytogenetically, chromosomes are not always easily identifiable. In order to distinguish them, one
particular approach requires that the chromatin in the cell must first condense and arrange. This
occurs during the mitotic phase of the cell cycle, when cells are replicating and preparing to divide,
as a point known as metaphase. In metaphase chromosomes are deeply coiled and highly visible, and
so in order to identify particular chromosomes, if any phase of the cell is to be chosen, this phase
should be. Thus in order to proceed in the identification of the targeted chromosome, cells are either
cultured, and the cell cycle phase is interrupted in metaphase, or alternatively, for example, cells
going through metaphase can be searched for and extracted from dividing spermatogenic tissue.
Due to the burdensome features of the latter technique, cell culture is often preferred, given the
greater ease to obtain sufficient chromosomal copies. However, albeit more effective for karyotype
development, cell cultures even if treated with a broad range of antibiotics, are susceptible to
contamination by antibiotic-resistant bacteria. Therefore this method may compromise the success
of the enrichment.
To overcome the possibility of contamination two existing options are the use of the previously
mentioned laborious operation with spermatogenic cells, or the use of flow cytometry1, used for
chromosomal sorting provided that the features highlighted by this approach allow the identification
of the targeted chromosome.
Ultimately, the decision to culture or not to culture will have to assess if the contamination risk is
1It should be noted that flow cytometry may lack sensitivity to detect small chromosomes (Zhou and Hu, 2007).
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sufficiently lowered by the use of a larger array of antibiotics, or if instead the other less contamination-
prone methods, but more laborious and less sensititive, are to be preferred.
2.2 Microdissection
Developed approximately three decades ago by Scalenghe et al. (1981), microdissection bridges the
cytogenetic and molecular genetic fields, by allowing the isolation of single cells, chromosomes, or
specific recognizable genomic regions for further post-processing with molecular tools and methods.
The products of microdissection are potentially useful to many applications, namely high-throughput
genomic, transcriptomic or proteomic applications, expression profiles research, generation of probes
for chromosome painting, or genetic linkage map and physical map assembly (Espina et al., 2006,
2007; Rodriguez et al., 2008).
This cytogenetical technique was originally used to obtain DNA from single bands on Drosophila
melanogaster polytene chromosomes (Scalenghe et al., 1981) and later from easily identifiable human
chromosomes (Bates et al., 1986). However, mainly due to the fact that it was a laborously manual
task, and good identifying techniques were lacking, it was only in subsequent years that it began
to be more extensively used. This is linked to the development of an handful of techniques such as
flow sorting and FISH, which allow the identification of the less easily distinguished chromosomes
(Lu¨decke et al., 1989; Senger et al., 1990; Meltzer et al., 1992; Yu et al., 1992), and subsequent
development of technological improvements, such as laser dissection (Me´te´zeau et al., 1993).
Currently microdissection can be divided into two major categories: manual microdissection, and the
more recent and precise method, laser manipulated microdissection (LMD). The latter can be further
divided into Laser Capture Microdissection (LCM) (Emmert-Buck et al., 1996; Simone et al., 1998;
Lawrie et al., 2001), and Laser Microbeam Microdissection (LMM) (Bo¨hm et al., 1997; Schu¨tze and
Lahr, 1998), where the second shows several advantages, including speed and efficiency.
The advantages of LMM over LCM can be further summarized in a couple of points. These are
the choice of a ultraviolet (UV) laser over an infra-red (IR) laser, allowing for a more precise focus,
the non-contact nature of the system, i.e. the target is ejected without touching any contaminated
surface, the possibility of ablating unwanted tissue, and the fact that it avoids the possible molecular
modifications which occur by either heating or cooling the thermoplastic membrane that contains
the sample. Regarding the very last point, it is possible because the very precise pulse of UV laser
can “draw” around the target cell, or cell structures. The cut target then falls straightly onto the
eppendorf by the effect of gravity (Curran and Murray, 2005).
As in every other method, it is not without its own pitfalls. The disadvantages of LMD method
are essentially connected to the high-cost associated to the equipment and consumables, along with
the fact that it is laborious and time-consuming to retrieve the target region. Since often protocols
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require several microdissections to be performed in order to gather enough genomic material, the time
and exposure involved make it a process also prone to contamination (Curran and Murray, 2005). In
this sense the amount of material microdissected should be kept to a minimum, and the step as time
efficient as possible, so that chance contamination events can be minimized (Zhou and Hu, 2007).
Given that this is not always possible, the exclusion of the surrouding cytoplasm, which can be
contaminated, may be key. In that sense, a further measure to avoid contamination was proposed
by (Hu et. al 2003), in a paper describing a modification to the manual microdissection application.
This proposal suggests that the target chromosome should be put in a drop of 50% ethanol. Because
the surface tension present in a 50% ethanol drop is weaker than the water, the microdissected tissue
will then adhere to the tip of the glass needle without any cytoplasm, and so it will not enter the
drop when the tip of the glass needle is removed.
The success of the steps that follow the microdissection will largely depend on how successful this
method is, both on retrieving the chromosomes, and avoiding undesirable contamination.
If these goals are achieved at a consistent level, microdissection, by effectively permitting the isolation
of a particular chromosome for further processing, with little to no previous knowledge abouts its
composition, can be seen an invaluable tool for any pathway which relies upon the enrichment of a
particular genomic region as large as one chromosome.
2.3 Whole genome amplification (WGA) techniques
Whole genome amplification is a non-specific amplification technique which endeavours to amplify
the totality of a genome or part thereof, such as whole or partial chromosomes. It does so by usage of
random primers with or without partially pre-designed templates, and adaptor linkage to fragmented
sequences, produced by shearing the genome, a step whose goal and issues were briefly touched in 1.
Presently three techniques are described in the literature. Linker adapter PCR (Lu¨decke et al.,
1989), the oldest method of the three, involves the digestion of the DNA target sequence with
restriction enzymes, and linkage of adapters to its ends. These adapters have a specific sequence,
complementary to that of the primers, and so each fragment previously created with adapters linked
will be theoretically amplified.
A slightly more complex technique is primer extension pre-amplification (PEP-PCR). This technique
involves the design of a set of random hexamers. These are used to prime the DNA template at several
regions of the target sequence (Zhang et al., 1992). Subsequently, in order for the amplification of the
template DNA to happen, it is subjected to thermal cycles with very low annealing temperatures, and
an extra set of at least 50 cycles. Although not bias free, since the random hexamers used show non-
uniform annealing and extension, the bias can be partially alleviated by using multiple displacement
amplification (MDA) (Dean et al., 2001). This type of amplification can substantially improve PEP-
PCR by using a mesophilic, highly processive DNA polymerase, named phi29. This attenuates the
problems which otherwise arise when the complimentary versions of the hexamer sequences in the
template sequence are either rare, or too sparsely distributed. These improvements can be seen not
only at the fragment length level, with amplified segments presenting sizes ranging from 10kb to
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50kb, but also in the representation indices of the amplified fragments.
The third technique is degenerative oligonucleotide primer PCR (DOP-PCR) (Telenius et al., 1992).
This technique, as the name suggests, uses primers with degenerated regions. These regions can be
found inbetween the 3’-end random sequence, which is intended to anneal evenly throughout the
DNA sequence target, and the partially fixed 5’-end sequence. After some PCR cycles where the
primers anneal to the DNA template through the 3’-end random sequence and extension occurs, the
temperature is raised to 30 degree celsius and a second amplification step takes place. During this
second amplification, set at higher temperatures so that the annealing occurs with more specificity,
a new set of primers are designed to anneal onto the 5’-end fixed sequence now present at the end of
some amplified fragments. If no problems occur, not only should the sequence be fairly covered, but
additionally the oligonucleotides should have abstained from annealing with each other.
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Chapter 3
Choosing a target for the trial
3.1 Microchromosomes in birds and reptiles - ease of mi-
crodissection
Microchromosomes, as the name implies, are chromosomes of reduced size. They have been found in
a diverse array of vertebrate taxa, such as reptiles, birds, fishes and amphibians, but are seemingly
missing from the very compartmentalized mammalian genome (Fillon, 1998), with a few known
exceptions, such as bats (Oh, 1975). Their presence is particularly noted in birds and non-avian
reptiles, being ubiquitously present in the former group, and prevalent in most species of the latter
group (Burt, 2002).
Despite their small size (or perhaps because of it), these genomic units have been shown to have
an overall gene density larger than that present in macrochromosomes, encoding for 50% of the
genes, while accounting for only 25% of the genome (Burt, 2002), being particularly gene rich in
chickens (Smith et al., 2000), and possessing high recombination rates which surpass those present
in macrochromosomes (Chelysheva et al., 1990; Rodionov et al., 1992).
Moreover, gene mapping and sequence comparison performed between chicken microchromosomes
and other vertebrate genomes revealed the presence of conserved synteny between these taxa. This
fact partially supports the hypothesis that more than half, if not all, of the chicken microchromosomes
may represent ancestral syntenies, and additionally that these are the product of chromosome fission
(Burt, 2002).
A more recent comparison between the chicken genome and the recently sequenced and assembled
Anolis carolinensis lizard’s draft genome, revealed at least 259 syntenic blocks, as in consecutive
syntenic anchors, with the same order, orientation and spacing, between the chicken and the lizard,
and that the microchromosomes of the two taxa are exclusively syntenic (Alfo¨ldi et al., 2011). This
is not surpring given the fact that a similar comparison between the chicken and a Xenopus anuran
amphibean (Hellsten et al., 2010) showed that only a small number of rearrangements have taken
place in the past 280 million years that separate these two taxa.
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The sequencing of three avian genomes and one lizard genome have contributted to a better com-
prehension of the intrincacies of the reptilian, and more generally the amniote karyotypic evolution,
whose study is currently constrained by lack of enough data. However, this information still falls
short if the ultimate goal is to have a clear and deep understanding of the evolution history of these
taxa. By focusing on microchrosomes, genomic units shown to be rich in genes and overall filled
with informative content, it is possible to yield invaluable data from entire linkage-groups. More
in-depth evolutionary studies can then take place, not only in a more frugal fashion but also with
better perspectives of successfully extracting useful information from the data, specially if compared
to more ambitious endeavours such as those contemplating whole genomes. More to the point, due to
the smaller size that these chromosomes display (on average 12 Mbp in the chicken genome (Axelsson
et al., 2005), ten times less the size of its macrochromosomes (Rodionov, 1996)), a smaller investment
is required to ensure better breadth and depth-wise chromosome coverage. In addition the current
availability of platforms which can produce up to one million reads of throughput with a mean size of
400 bp, which can represent 30 fold coverage in the case of a macrochromosome, should considerably
simplify the assembly step.
Lastly, considering the fact that the lizards microchromosomes are still understudied when compared
to those of birds, any input would prove important to infer both their origin and evolution, by
allowing comparative studies with other taxa to be undertaken.
3.2 Lacertids: a well-studied group with no sex chromosome
markers and micro sex chromosomes
Lacertids, with over 300 species presently described, ascribe to a total of 37 genera, and aggregate
a diverse group of lizards commonly known as the true lizards. Distributed across Eurasia and
Africa, they show a multiplicity of reproductive and sex-related mechanisms and modes, akin to that
commonly present throughout the more encompassing “parent” squamate order, and show overall
striking levels of diversity in terms of sex and reproduction modes (Arnold et al., 2007; Pavlicev and
Mayer, 2009).
Despite the overwhelming level of diversity present in Squamata reptiles which is expressed by the
presence of genetic (GSD) and/or environmental sex determination (ESD), possession of a multitude
of sex chromosome systems, both female and male heterogamety with variations on sex chromo-
some number (ZZ/ZW, XX/XY, ZZ/ZZW), several modes of reproduction (viviparity, oviparity,
ovoviviparity), and even parthenogenesis (Arnold et al., 2007), in the lacertidae family so far no ESD
cases, nor male heterogamety, have been confidently observed. Thus, this group can be described as
being more conserved than taxa from other families belonging to Squamata.
On lizards, which are contained within Squamata reptiles and contain the lacertidae, all of the
above mentioned mechanisms of sex determination are said to have evolved multiple times. Indeed,
empirical data shows that generally there is a lack of clear phylogenetic clustering among taxa which
show to be male homogametic or heterogametic GSD, and/or among those shown to express ESD
1 (Ezaz et al., 2009). Additionally, so far the study of sex chromosomes in lizards has shown that
1However, an association between ESD and female heterogamety has been said to exist within families, for which
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these possess different morphologies and degrees of degradation, further supporting the hypothesis
of multiple and independent sex chromosomes origins. This fact may complicate, or even make it
impossible, to compare the same sex chromosome among different lizard taxa, since it is truly possible
that these might not share any homology.
Considering their diversity and rich evolutionary history, it is not surprising then that lizards are one
of the most widely studied groups in nature. Nonetheless, those studying lacertids are still confronted
with a lack of sex chromosome markers. These molecular markers are most prized for evolutionary
biology studies, mainly due to the huge impact and extensive role sex chromosomes typically have in
evolutionary processes such as speciation.
Karyotypically the greater part of lacertids have 36 macrochromosomes and two microchromosomes
(Matthey, 1931, 1939b; Darevsky, 1966; Dallai and Baroni Urbani, 1967; Arronet, 1968; Kupryanova,
1969; Kupryanova and Arronet, 1969; Orlova and Orlov, 1969; Chevalier, 1969)), with exceptions
such as T. lepida (Matthey, 1939a), and L. strtgata (Orlova and Orlov, 1969), both with 38. The
readily available modern cytogenetic techniques, which allow the identification and isolation of most
individual chromosomes or chromosomal regions, and the small size of the sexual chromosomes in
this lizard family, create the conditions to undertake the enrichment of these crucial chromosomal
units, warranting their study.
3.3 The interest in sex chromosome in evolutionary studies
Sex chromosomes are particularly conspicuous chromosomal units which show an ability for sex-
determination and an important assymetrical distribution on different sexes. The asymmetrical
distribution of sex chromosomes has profound implications on the evolutionary rates, due, not only
to the fact that chromosomes end up spending disproportional amount of evolutionary time in one
sex, but also because it may result in hemizygosity.
In accordance to what is stated by the former argument, sex chromosomes show smaller popula-
tion effective sizes when compared to those observed in autosomes (Schaffner, 2004; Vicoso and
Charlesworth, 2006). One implication of this smaller effective population size is that sex chromosomes
are in a sense more exposed to genetic drift, so that the stochastic events that govern their evolution
will appear to have stronger and faster effects.
Hemizygosity, however, shows an equally important role in shaping evolution. In the individual where
the sex chromosomes are found to be hemizygous, such as the male in humans or a female Eremias
velox lizard, its genes even if possessing the recessive version, will often be expressed. This is contrary
to what happens in autosomes where two recessive copies or more (in the case of polyploidy) may be
required. That is, for all intents and purposes the totality or most part of the loci present in these
chromosomes are expressed, independently of being recessive or not. In this peculiar scenario natural
selection can more readily target recessive advantageous mutations, causing their frequencies to more
rapidly rise, while more easily screening deleterious mutations (Vicoso and Charlesworth, 2006). This
“unprotected” exposure to natural selection results in a faster and more effective evolution of sex
chromosomes relatively to autosomes.
there are also exceptions such as the Gekkonidae family.
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Furthermore, in the assembly context, the presence of hemizigosity in chromosomes can be regarded
as useful. This is due mainly to the fact that only a single allele for all loci will generally be
present. In this sense confounding effects that often arise, from the presence of multiple polymorphic
genomic regions on homologous chromosomes and the difficulty of distinguishing these from errors,
do not represent a problem in the assembly of hemizygous chromosomes. The assembly effort in
reconstructing these chromosomes can then be redirected to deal with duplicated and rearranged
genomic regions. As a result the synteny and genomic composition inferred in these chromosomes
often ends up being more reliable than those obtained when considering chromosomes that show up
in more than one copy.
Further substantiating the hypothesis that sex chromosomes are preponderant in adaptive evolution,
two evolutionary rules have been advanced as a result of empirical results. The first is Haldane’s
rule, initially proposed in 1922, after the observation that in the case that a hybrid seemingly healthy
is found to be sterile, there is a good chance that it will be the heterogametic sex (Haldane, 1922).
The second, the large X-effect (Coyne and Orr, 1989), also termed Coyne’s Rule (Turelli and Moyle,
2007), is the observation that, where hybrid sterility is present, the X chromosomes effects seems to
play a larger role than other chromosomes. The first rule is now also said to account equally for the
disproportional rate of hybrid inviability in the heterogametic sex. Regarding the latter, it has been
shown that the Z sex chromosome, from the ZZ/ZW system, also has such a disproportional effect
in speciation2. This is perhaps a reason to favour the name “Coynes rule” over “large X-effect”.
Haldane’s empirical observations have been mainly explained by the dominance and fast-male the-
ories. The dominance theory suggests that the alleles implicated in the reduction of hybrid fitness,
leading to the emergence of hybrid incompatibilities, will on average be partially recessive. As a
consequence of being recessive these alleles will then be fully expressed in heterogametic hybrids,
if they happen to be (Z or X)-linked, whereas in homogametic hybrids their expression will be
either non-existent or negligible. The fast-male theory states that in the XX/XY sex system,
incompatibility factors said to cause male hybrid sterility will accumulate faster than other types
of incompatibilities. The causes may be due to sexual selection acting on male-specific genes, or low
tolerance to perturbation during spermatogenesis.
The large X-effect is related to the disproportional contribution of the homogametic sex chromosomes
to the hybrid heterogametic incompatibilities. It was first shown to happen in Drosophila, in which
it was noticeable that recessive alleles accounting for hybrid male sterility were largely concentrated
in the X chromosome. By backcrossing species hybrids, with introduction of one species’s X into
another species, and vice versa, a noticeable effect was perceived on hybrid fitness as compared to
that observed in autosomes. Since the previous observation, the same effect has also been revealed to
be present in numerous other species (Coyne and Orr, 1989; Coyne, 1992), and interestingly it was
demonstrated, both theoretically and empirically (Ellegren, 2009), that it may have a stronger effect
on the Z chromosome under the good genes (Zahavi, 1975) and Fisher’s runaway (Fisher, 1930) models
of sexual selection. The good genes model hypothesizes that if females show a preference for males
with a particular trait, which might not be related to male fitness, that trait will be advantageous
by association with the underlying females preference. This leads to an increasingly stronger sexual
selection of such traits in a population towards extreme values. The growing trend may continue
until the balance between having the advantageous trait, and the disadvantages it might entail, is
2This effect has been conveniently dubbed the large Z-effect (Ellegren, 2009).
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disrupted, or the relevant genetic variation becomes exhausted. In essence this model relies upon,
and will tend to increase, association between the trait, and the preference for this trait, for example
by reducing recombination between them (which breaks down associations). Fischer runaway model
suggests that female preference will go towards males showing traits that may be indicative of some
advantage providing better fitness. As an example, brighter colours in males may be an indicator of
better health. The consequences of this selective preference are the same as the ones described for
the former model.
In the context of the large Z-effect this could be expressed by considering a Z-linked gene which
determines the female preference. In this case, and since females are the homogametic sex in the
ZZ/ZW system, the females possessing this preference will pass it to at least half of the male progeny,
which will additionally have the gene deemed as preferable by females (Ellegren, 2009). It can be
suggested then that bright and visible displays will be more prone to appear in ZZ/ZW systems
(Albert and Otto, 2005). Interestingly this former hypothesis is supported by empirical data in
diverse taxa (Hastings, 1994; Prowell, 1998; Reinhold, 1998; Volff and Schartl, 2001; Iyengar et al.,
2002; Mank et al., 2006).
The precise role that these chromosomes play in evolution, and how they exactly came to be, remain
questions requiring further research. Answers to these questions will results in a better understanding
of the evolutionary processes, and of the diversity that results from them.
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Project Goal
This project is a proof-of-concept trial whose primary goal was to develop a fast and economical
pipeline to obtain genomic information for individual chromosomes. This involves combining cyto-
genetic and molecular tools and methods to select and enrich for a particular chromosome, followed
by its sequencing and a final assembly step performed in silico. In particular, to show the concept
feasiblity the goal would then be to microdissect 12 W sex microchromosomes from a blood cell culture
of a female lacertid, amplify the amount of available genomic material by employing a whole-genome
amplification protocol, and sequence with NGS to then proceed to its assembly. The sequencing
output with this kind of sequencing technology should provide enough depth and breadth of coverage
to enable the computational assembly of the chromosome in its entirety, through a less laborious and
costly method compared to older sequencing methods. Finally, to validate the assembly produced,
some of the assembled contigs should be put through lab validation to see if they were truly well
assembled and if they represent the lacertid.
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Chapter 4
The trial pipeline - from Eremias
velox to 9x105 NGS reads
4.1 Lacerta schreiberi: failed leucocyte culture
With the purpose of selecting a lacertid with a ZZ/ZW sex system, for W sex chromosome enrichment,
blood samples were taken from a female Lacerta schreiberi. In this species, as in all studied lacertids,
the female is the heterogametic sex, thus bearing both which is the heterogametic sex thus bearing
both the Z and W sex chromosomes.
Leucocyte cell culture was performed, but good metaphases were not obtained. This step was
performed by Martina Pokorna´, from Charles University in Prague.
4.2 Eremias velox: successful leucocyte culture
In virtue of the previously failed leucocyte culture with a Lacerta schreiberi lizard, another lacertid
was selected. The species chosen was Eremias velox, since it is known to possess a ZZ/ZW system,
and additionally, previous lab work showed that good metaphase suspensions could be obtained for
both sexes in this lizard.
A female Eremias velox was then selected, whence blood samples were taken.
For leukocyte cultivation, peripheral blood was cultured at 30◦C for a week in T 199 medium
(Sigma-Aldrich), enriched with 10% fetal bovine serum (Baria), 0.5% antibioticantimycotic solution
(Sigma-Aldrich), 1% canamycin (Sigma-Aldrich), 0.2% phytohaemaglutinin (Biomedica), and 1%
lipopolysacharide (Sigma-Aldrich).
Subsequently, for prospective visual identification of the lizard’s chromosomes, metaphase chromo-
some spreads were prepared from cultures of whole blood following the protocols described by Ezaz
et al. (2005) with slight modifications.
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Martina Pokorna´ carried out all the previous steps.
4.3 C banding
Eremias velox sex chromosomes are homomorphic microchrosomes, hence indistinguishable at the
microscope.
In order to ascertain which sex chromosome is which, several staining techniques were tested. Ul-
timately C banding was found to be capable of distinguishing the W and Z chromosomes present
in the female Eremias velox lizard, in this case by staining the W chromosome, while leaving the Z
unstained.
C-banding was carried out following the method described by Pokorna´ et al. (2010). Both the previous
experimentations and the C banding were performed by Martina Pokorna´.
4.4 Microdissection of 16 exemplars of the W chromosome
To isolate the microchrosome identified by the C banding technique, the metaphase suspension of
cultured leucocyte cells was first dropped onto a special sterile membrane. Laser microdissection
was then performed by Martina Pokorna´ using the Olympus laser microdisector. The isolated
microchromosomes were ejected into a drop of TE buffer located on the eppendorf tube, then
centrifuged, and lastly placed in a freezer.
The small size of the chromosomes and the explicit desire to enrich them, warrants the requirement
of microdissecting a total of 16 W sex microchromosomes. This is the same number of chromosomes
required to make FISH probes from microdissected chromosomes, and is in accordance to the standard
requirement of 10 to 20 copies of microdissected chromosomes to perform amplification (Zimmer et al.,
1997; Ra´b et al., 2008; Henning et al., 2008).
4.5 WGA
In order to decide which method to use it is important to take into consideration the possible
drawbacks that may be associated with the techniques chosen. In the context of this trial a kit
which performs DOP-PCR was selected. The kit in question uses the linkage of 30 bp adaptors to
the sequence in order to prepare it for amplification. This can be, depending on the aim of the
experiment, possibly problematic if the intended next steps are NGS and assembly. The reason why
this choice could be problematic lies on the necessity of adaptor inclusion on the DNA fragments.
Given that the NGS technologies produce reads of shorter size compared to those generated by Sanger
sequencing, the inclusion of these 30 bp adaptors makes up for a huge portion of the sequence read
generated, insofar the amount of information retrieved is substantially diminished. In this sense,
Roche’s 454 sequencing technology known to produce at the time of the experiment the longest reads
from all the NGS platforms, was selected to ameliorate the amount of sequencing read portion lost
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to adaptors. While it generates less reads than other rival platforms, producing 106 reads in a single
run, the read length can go up to 700 bp, averaging at 400 bp. This can yield a total of 500 million
base pairs. Such features are ideal for sex microchromosome sequencing, which can be riddled with
complex regions that should be contained within single reads if possible. This combination of longer
reads and the possibility to easily attain 20x coverage should allow us to more effectively tackle such
this trial’s assembly challenge and justify the platform choice.
Whole genome amplification was performed with Paula Campos in a clean lab at Niels Bohr Institute
- University of Copenhagen, Denmark.
The kit used was the GenomePlex Single Cell Whole Genome Amplification Kit (WGA4; Sigma
Aldrich), which claims to perform a million-fold amplification. Especially designed for single cells, it
improves the chances of generating a representative genomic amplification, from a minute quantity
of starting DNA sample as is the case of the microdissected sample.
Amplification of the microchromosomes was performed following the manufacturer’s instructions
(Sigma Aldrich). The protocol includes a cell lysis step, which includes not only the lysis step but
also the fragmentation of the sample’s genome, followed by an isothermal library preparation, using
a primer which provides good coverage at low template, while refraining from self-annealing, and
finally the actual amplification.
The whole genome amplification yield was then tested in a electrophoresis run on a 1.5% agarose gel.
4.6 NGS
Roche’s 454 sequencing platform was selected for the sequencing step, using Titanium FLX series
reagents. The amplified fragments produced by the WGA4 kit were prepared and processed according
to the 454 FLX Titanium Library construction kit and protocol (Part et al., 2010).
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Chapter 5
From 9x105 NGS reads to contigs:
Alternative assembly approaches
The output of the sequencing step consisted of files containing the sequencing reads and their
respective quality per base scores. The sequencing reads and quality values files possess for each entry
an identifier, and furthermore, the sequencing reads have both upper-case and lower-case characters,
where the lower-case characters correspond to nucleotide bases which were deemed of low quality by
the sequencing platform software.
To reconstruct the original sequence, and then extract the most information out of it, reads have first
to be pre-processed, and only then should they be assembled.
The pre-processing step is simply the procedure of trimming flanking base pairs. It is commonly
applied to regions of the reads which aren’t part of the original sequence. In this particular ex-
periment, reads were composed by a key1, a four character based string that precedes every read;
the amplification and sequencing adaptors; the multiplex identifiers; and the sample DNA sequence.
The latter are commonly used to distinguish concurrently sequenced samples, that may need to
be distinguished in the same sequencing run. Additionally, regions which have nucleotides with
low quality values may also be eligible for trimming. While parts of the reads that are extraneous
relatively to the original sequence should ideally be trimmed, the decision to exclude nucleotides with
low quality values is optional. Sufficient depth of coverage may provide enough power to decide a
posteriori exactly what base pairs are untrustworthy, effectively allowing us to incorporate the most
base pairs possible with minimum uncertainty about their reliability.
An equally important step which precedes the assembly, is the choice of the assembler. As described
earlier in Section 1, the current NGS data, with different characteristic error profiles, biases, and
particular features, require that the algorithm chosen to process them ought to be fine-tuned for all
these intrinsic read-related details, as well as optimized for speed and memory usage, taking into
account the final goal of the project.
With this in mind, on this trial two distinct assemblers were used. Their choice follows directly from a
1This key is the same for every read sequenced on the platform.
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reasoned deliberation based on the previously mentioned variables and their respective weight. First,
Newbler, Roche 454 Life Sciences official assembler (Margulies et. al, 2005), was used. Subsequently
an algorithm developed in the Mathematica programming environment (unpublished) by Stuart J.E.
Baird was used with the intent of overcoming the limitations which Newbler came across, and as
a way to better control and understand the flow of the assembly. These algorithms will be briefly
described and their results will be compared in Section 6.
Newbler version 2.3 was primarily chosen based on its algorithm suitability to deal both with long
reads, and 454 sequencing reads specific error-profiles, but also due to the valuable inclusion of
supplementary read related information. This information, stored in the read flowgrams, allows for
homopolymer error correction to be performed more effectively in the assembly step. It should be
noted that this type of error is recognized as one of the most prevalent issues associated with the 454
sequencing platform generated reads.
The algorithm that best characterizes Newbler is overlap-layout-consensus (OLC). It is based on
a string graph approach, originally developed for Sanger sequencing reads, which is optimized for
large genomes, but also deemed to be expedient for very short reads or long reads of small genomes
(Chaisson and Pevzner, 2008; Miller et al., 2010). It formulates the assembly problem as a graph,
where nodes correspond to sequencing reads, edges to the overlap between the reads, and where each
read must be traversed exactly once. Such a path through the graph is a Hamiltonian path, i.e. every
node of the graph is used exactly once. This last instance is known to lead to a NP-Hard optimization
problem, and thus heuristic strategies are frequently used to solve it in polynomial time.
These heuristic solutions include the removal of transitive edges2, collapse of overlaps with no
conflicting edges, possibility of mate-pair reads employment for coupling, and ordering of the contigs.
More generally, the overlap-layout-consensus algorithm can be separated into three stages: (1) In
the overlap stage, overlaps are computed in an all-against-all pairwise read comparison, and a graph
structure is created. In this step, seed & extend heuristic algorithms may be used to ameliorate the
process. These work by dividing the reads into k-mers (subsets of k length present in the read), which
are then used to find candidates with a similar amount of the same k-mers; (2) In the layout stage,
the graph is simplified by removing redundant information (collapse of contained contigs), and their
proximate order in the genome is inferred; (3) In the consensus stage, multiple sequence alignment
(MSA) takes place, where all reads are aligned to the contigs, and the consensus sequences and their
layout is determined (Miller et al., 2010).
Peculiarly, Newbler implements this OLC strategy twice. In the first cycle, reads are divided in two
classes, long and short, and unequivocal overlaps (the default threshold is 40 base pairs) between
reads are searched, so that unitigs (uniquely assemblable contigs) can be generated. For efficiency
purposes Newbler makes use of the heuristical seed & extend algorithm previously mentioned, and by
default produces 16-mers seeds from the reads, each starting 12 base pairs upstream of the previous
16-mer. These trustworthy unitigs are then used as seeds, and compared in a pair-wise fashion, in
2Transitive edges are those that occur between two nodes which could otherwise be connected by irreducible non-
transitive edges provided there are extra nodes between them. Removal of these edges will not then result in loss of
information since the same information is present in the irreducible edges.
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order to create a contig graph from the overlap of the unitigs. Following this step, a disentangling
phase occurs to simplify the graph. In this phase, if it is the case that unitigs have their prefix and
suffix aligned to different contigs, these may be split, with their reads being also split across different
contigs, which can be a consequence of having acquired chimeric reads or representing part of a repeat
region. Additionally, in the MSA step, Newbler aligns the sequences to the obtained contigs in order
to obtain a consensus. It does so not only by using the depth-coverage provided by the alignment
of sequences, and their quality values, but also by computing the unitig and contig consensus in
“flow space”, that is, using the information stored in a flowgram file containing the signal strength
correspondig to each sequenced nucleotide base.
To correctly make use of its invaluable “flow space” information, Newbler’s input must consist of
the exact original reads. It follows then that if any noise characters are to be trimmed by the pre-
processing step (corresponding to adaptors, and optionally to low quality values), their trimming
points for each sequencing read should be set in a separate file. Otherwise Newbler will initially
assume that only the lower-case characters should be trimmed.
The final output of the assembly consists of files with the contig consensus and their respective quality
scores, together with a file containing the multiple alignments processed during the run, and also an
assembly metrics file.
With all the parameters set to default, an assembly run was performed with Newbler. The input
files consisted of a binary file which contains the sequencing reads, their respective quality values
per base, and the flowgram information per base, and a file containing the new trimming points.
The new trimming points were obtained by running a Perl script through the file containing the
reads, and determining where should the new sequencing read positions start and end, so that the
non-informative portions of the reads were excluded. Additionally windows of five base base pairs
flanking the sequence which showed an average quality under 20, where 20 corresponds to 99%
accuracy in base call were also excluded. Lastly, and in conformity to Newbler’s minimum default
read length threshold of 50 base pairs for single reads, those which originally, or subsequentially to
its trimming, became shorter than this threshold, were excluded.
The output of the first assembly run was compared against the National Center for Biotechnology
Information (NCBI) nucleotidic database with the BLAST algorithm (Altschul, 2005). The BLAST
alignment results revealed the presence of bacterial contamination in some of the contigs assembled.
Therefore, reads involved in the assembly of those contigs were excluded from the assembly dataset,
and the remaining reads assembled once more. The process of identification and removal of reads
from contaminated contigs, and reassembly of the remainder reads was repeated until there was no
evidence of bacterial contamination within the contigs. For added stringency, the BLAST alignment
algorithm was used not only against the nucleotide database (blastn), but also against the protein
database, which involved first translating the contigs into their putative protein sequence in all the
possible six reading frames (blastx). The criteria for exclusion following the BLAST alignment was
based on a maximum e-value of 1*e−5. Any alignment against the genome of the putative contaminant
observed to have a value below this threshold was assumed to be the result of contamination and
therefore excluded. The results of the five assembly runs performed to produce contigs free of the
principal source of contamination are presented in Section 6.
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As a consequence of Newbler limitations, algorithmical heuristic choices, and the presence of contam-
ination, the output obtained from these assemblies was low in number of reads incorporated but also
in terms of contigs metrics.Thus, the best course of action to achieve better results was determined
to be the development of a pipeline that maximizes the amount of information used, aims for longer
contigs assembly, and makes extensive use of depth of coverage to increase confidence to these. Such
a pipeline was developed to address Newbler limitations, using an algorithm comprised of several
sequential phases. These phases included the pre-processing step of the reads, their information-
lossless compression and encoding, an iterative assembly of reads into contigs, the mapping of all
the reads to the produced contigs, and finally the decoding of the reads into their original state,
so that the consensus could be inferred. In the pre-processing step, regular expressions are used
to identify and separate into groups each non-informative part of the read, i.e. key, adaptors and
multiplex identifiers, as well as the informative portion of the sequence fragment. The list of sequences
containing the informative portions of the sequences is then selected for further processing, and the
others dismissed. The sequences are sorted, and re-ocurring ones counted, resulting in a new list
consisting of the number of times each string is repeated, and their respective sequence.To alleviate
part of the computational complexity that arises both from the presence characteristic homopolymer
errors on reads produced by the 454 sequencing platform, and the length of the reads, the strings
were losslessly compressed by reducing consecutive repeated characters to a single character (run
length encoding, with stored run lengths).An important compression step happens at this stage.
The 60 possible tuples of lengths of two, three, and four, created by the combination of each of the
four characters that form the genetic alphabet {A,C,G,T}, where each character appears at most
once by tuple, are encoded into 60 non-latin ASCII characters, in an one-to-one relationship. This
compression not only reduces the size of the strings, but also addresses possible problems that could
arise from reads containing tandem repeats of length two, three, and four, by collapsing them into
a single ASCII symbol (again storing run lengths).After the completion of this compression step,
an iterative process of read and contig extension follows, using a seed-based strategy to search for
overlapping reads. This step first extend a picked read to the right, and involves choosing a seed
with a pre-determined length, which must not have been previously incorporated in other contigs.
Picking an appropriate seed length is a crucial step for the assembly to be successful. The particular
seed length of 25 for this trial was established after empirically observing that it produced longer
contigs more consistently. To extend contigs, a search for the longest common substring between
the chosen seed and the available reads takes place. The particular way of finding reads to build
contigs dictates that setting a low seed length will result in the capture of many unrelated reads
since the criteria for matching is very relaxed. On the other hand, using seeds of length much larger
than 25, given that the string length corresponds in its decoded and uncompressed form to a length
of more than 50 characters, would result in the capture of too many strings as well, since there
are more substrings to be found across larger seeds and other strings. Large seeds would then lead
to several unwarranted matches, occurring solely by chance. In this regard, a second criterion, the
minimum overlap between the seed and capture strings, plays also an important role, by dictating
the specificity of these matches. Setting up these two parameters, comprises then a most important
pursuit. Their choice should strive to find a delicate balance between the maximum level of the
assembly’s computational complexity allowed, and the sensibility required to capture mostly reads
which are actually related. Lastly, the seed is selected from the center of a string, in order to more
consistently merge the newly formed contigs into the previous built ones, since the edges are more
likely to be the source of possible inconsistencies between reads. Each seed selected is then used to
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look for other strings matching over more than a minimum overlap length. In this trial that threshold
was set at seven characters, since that way the match will be unique enough, but not too specific
to miss reads with errors. In the case that 20 strings are found to match, these are increasingly
subjected to higher degrees of stringency in terms of the portion of characters they must share with
the seed, so that at least 10 of the strings with the most overlap with the seed are selected, otherwise
the available strings are used. In the following steps the algorithm proceeds to align the previous
found strings. It produces two new strings out of the consensus of the aligned reads. One is a more
conservative guess based on a threshold coverage, while the other is a more relaxed guess obtained by
looking for the number of consecutive characters in each string with minimum coverage. The more
conservative guess is used to check if the read is contained within an existing contig, in which case
it will be merged, otherwise the alignment constitutes a new contig. This iteration goes on until
every string has been checked, i.e. either already compared or part of a existing contig, and then
the contigs produced in the last step are used as seeds for the left extension steps, which proceeds in
the same manner. After both right and left contig extension steps are finished, the contigs generated
by both extensions, which correspond to the same contig, are merged. These contigs will then be
used to as the initial set of reads to repeat the read extension process, but now including only a
data set composed of the reverse complement of reads not previously used to extend the contigs.
The generated contigs are used to “fish” and align any string that matches at least 10 characters,
a higher threshold than before since the contigs should be already reasonably extended, and there
is only interest in retrieving strings that truly belong to the contig, given that these will make up
the consensus. These strings are then decoded again to the original character composition, and their
consensus at each previous ASCII character position is inferred.
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Results and Discussion
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Chapter 6
Interpreting the NGS output
The 454 high-throughput sequencing machine run produced a total of 997,462 reads with an average
read length of ∼288 characters. This figure was inferior to the expected 400 base pairs of average read
length officially reported by 454 Life Sciences for runs performed with the 454 GS FLX sequencer
using the Titanium chemistry. The length distribution of the reads can be seen in figure 6.1. This
same histogram was replotted after the detection of contamination, to infer if reads mapping to the
source of contamination could explain the peak around ∼500 bp in the previous histogram. From
the overlay of the histograms belonging to the reads mapped versus those which did not map, in
addition to the original histogram, it was possible to observe that both types of reads contributed
proportionally to this peak (6.2).
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Figure 6.1: Histogram with original reads’ length distribution
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Figure 6.2: Histogram with original reads’ length distribution. Overlay of the reads’ length
distribution histograms for reads that mapped against contamination source (dark green), those
reads which did not map (lighter green), and for the initial total set of reads (blue).
The reads used in Newbler were trimmed as previously stated in section 5. A total of 269,117 (26.98%)
trimmed reads were excluded due to being less than 50 characters in length, the default minimum
threshold length in Newbler. The average read length after the trimming step, and excluding reads
below 50 characters, was of ∼180 characters, and their length distribution can be seen in figure 6.3.
Summary statistics relative to this assembly and ensuing assemblies can be found in table 6.1.
Table 6.1: Assembled Contigs Summary Statistics. Newbler was run 5 times, and the Mathematica
Pipeline only once.
Assembler (# trial) # Contigs Mean Length Median Length Max Length Min Length N50 Length Total(MB)
Newbler (1) 9609 377.1 289 6056 100 446 3.62
Newbler (2) 6417 340.5 261 6051 100 396 2.19
Newbler (3) 6332 336.8 260 6051 100 393 2.13
Newbler (4) 6331 336.8 260 6051 100 393 2.13
Newbler (5) 2703 305.8 252 2583 100 353 0.83
Mathematica Pipeline (1) 8405 757.0 460 10603 73 1236 6.36
The BLAST results obtained by aligning the 9609 contigs assembled with Newbler’s first assembly
to NCBI’s nucleotide database nt indicated the presence of a possible bacterial contamination as
seen in figure 6.4 and table 6.3. A closer inspection of the alignment results permitted us to infer
that the majority of the hypothetical contamination contigs matched those of the Stenotrophomonas
maltophilia bacterium (figure 6.5), a multi-drug resistant environmental gram negative bacterium
frequently present in clinical environments.
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Figure 6.3: Trimmed Reads Length Distribution
Figure 6.4: Histogram of the number of BLAST first hits for each contig by domain or match
description for Newbler’s assembly.
The majority proportion of bacterial contamination as indicated by the BLAST results led to the
decision of performing subsequent assemblies with input datasets that exclude reads contained within
contigs matching the S. maltophilia genome. This was done first by aligning the contigs generated in
each assembly to the bacterium genome until no more contigs align to it, followed by an alignment to
the non-redundant NCBI’s protein database nr using BLAST’s blastx algorithm, in order to remove
sequences previously missed due to their higher nucleotidic divergence from the reference genome,
but which could still show conservation at the protein level.
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Figure 6.5: Pie chart representing the contigs from bacteria which did and did not match S.
maltophilia. The contigs not identified as S. maltophilia don’t belong to a particular group of bacteria.
The process of removal of reads deemed as originating from contamination and reassembly of remain-
ing reads was performed a total of five times. By the end of the fifth and final assembly, the size of
the dataset was of 364,223 reads, corresponding to 35.5% of the initial read set (see table 6.2).
Table 6.2: Number of reads used in each assembly, and their proportion relative to the original
amount of reads, by assembler used, and the number of the run.
Assembler (# trial) # input reads (% of total)
Newbler (1) 728.343 (73.0%)
Newbler (2) 501.600 (50.3%)
Newbler (3) 484.287 (48.5%)
Newbler (4) 484.241 (48.5%)
Newbler (5) 354.223 (35.5%)
Mathematica pipeline (1) 997.462 (100.0%)
In order to try to attain better assembly results, the Mathematica pipeline (MP) was used to redo the
assembly in more controlled conditions. This would be achieved mainly by including reads potentially
relevant to the lizard’s sex microchromosome assembly, but which were excluded in the steps prior
to the several Newbler’ assemblies, either due to the stringent trimming applied, or based on the
generated contigs’ similarity to Stenotrophomonas maltophilia’s genome. If effective this approach
should maximize the amount of sequencing reads used to perform the assembly, improve the assembled
contigs length, and the degree of confidence of their assembly, by harnessing the power conferred by
the increased depth of coverage.
The trimming step employed by the MP managed to include all the initial reads and further compress,
without loss of information, the dataset both in size and at the read length level. The initial
compression step was comprised of a 17% reduction in the total number of reads, achieved by
collapsing repeated reads into unique reads, and was followed by a 25% compression attained by
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run-length encoding of the read’s characters, corresponding to a total of 38% compression of the
initial dataset. A final 27% compression of the previous dataset was achieved by encoding every two,
three and four characters possible combination into a single ASCII character, substantially alleviating
the computational effort required to assemble the sequences.
Given that the latter four out of the five assemblies performed with Newbler involved exclusion of the
reads identified as bacteria based on the BLAST results, which neither the first Newbler assembly nor
the MP performed, the comparison between results obtained by both assemblies was only performed
between the latter two, and accordingly in the following results only these are described.
Contig metrics
A comparison of the contig length distribution from both assemblies (figure 6.6) shows that the
contig lengths appear to be approximately Poisson distributed, with the MP distribution having
both a higher mode and a heavier tail towards longer contigs. This latter observation is reinforced
by a boxplot of the contig length distribution (figure 8.1 in Supplementary Images section).
To better understand just how much of the assembly is contained within the largest contigs, the N50
metric was calculated following the definition described in the literature (Miller et al., 2010). This
metric represents the lower contig length threshold above which 50% of the assembly is contained.
The results for the six assemblies can be seen in table 6.1. In figure 6.7 it is shown for each respective
assembly the cumulative contig length, from the largest to the smallest contig, and its N50 mark
represented by the ordinal position of the contig setting the threshold. The N50 length metric, which
differs from the N50 metric since it is represented by the contig length, instead of its ordinal position,
can also be seen in table 6.1.
Overall the MP seems to have outperformed Newbler by attaining a N50 of 1236 bp versus Newbler’s
N50 of 446 bp. This means that more than half of the nucleotides assembled using the MP, are
contained within contigs larger 1236 bp.
Given that the majority of the contigs map to the bacteria genome, this same metric was reanalyzed
taking into account only the contigs which were shown to map to it. The results continued to show
the previous trend (figure 6.8).
The apparent superiority of the MP based on the N50 metric should not however be taken at face
value, given the use of a seemingly more greedy approach by the MP. This feature may make the
MP more prone to erroneously adjoin unrelated reads, particularly towards the outermost contigs’
coordinates. These regions are usually less covered, and thus posses a lower degree of confidence
relatively to the contig’s core region. The same rationale can be applied to explain MP’s superior
contig length metrics displayed in table 6.1. The better suitability of the MP to perform an assembly
would then depend on it to display a low misassembly rate.
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Figure 6.6: Histogram of contig length distribution for both assemblies.
Figure 6.7: Cumulative contig length from largest to smallest contig and N50 for
Newbler(left) and MP(right) assemblies. Red line shows to which contig the N50 metric
corresponds. It is equivalent to the minimum contig length present in a set of contigs sorted by
length, and the sum of their lengths correspond to at least 50% of all the nucleotide bases in an
assembly.
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Figure 6.8: Cumulative contig length from largest to smallest contig and N50 for New-
bler(left) and MP(right) assemblies, for contigs shown to map to the Stenotrophomonas
maltophilia’s genome. Red line shows to which contig the N50 metric corresponds. It is equivalent
to the minimum contig length present in a set of contigs sorted by length, and the sum of their
lengths correspond to at least 50% of all the nucleotide bases in an assembly.
BLAST results
By inspecting the BLAST results, it is particularly noticeable the higher portion of contigs with no
acceptable hits produced by Newbler compared to those produced by the MP (table 6.3). In the MP’s
assembly, whose BLAST results can be seen in figure 6.9, only 12 out of the 8405 contigs (0.14%)
failed to find a hit in NCBI’s nucleotide database, against the 80 out of 9609 contigs (0.83%) generated
by Newbler. This result can be interpreted as a measure of the MP’s better efficiency to assemble
reads into long and correctly assembled contigs, and/or Newbler’s higher rate of contig misassembly.
However, althought there should not exist a particular reason for Newbler and the MP to assemble
reads from different taxa differently, another possible explanation would be that this is an indication
that Newbler was able to piece together the reads corresponding to the lacertid microchromosome,
since it might perform overall better. The finding of these contigs would agree well with the lack of
reliable lizard’s W chromosome references in NCBI’s database, and the fact that it failed to align
with any of the bacterial sequences. In this sense a noticeable amount of contigs with no matches
would not come as a totally unexpected result. More so, considering that reads should originate from
a (likely fast evolving) sex chromosome, and that reptile taxa are known for possessing pervasive high
levels of diversity at that level, the chances of finding similarities with other taxa can be low.
The contig length distribution discriminated by taxa for both assemblies (histogram 6.10, and a
boxplot 8.2 in the Supplementary Images section), show again that the bulk of contigs’ BLAST
results coincide with bacteria. Additionally, these contigs happen to be the longest. This observation
goes well with the idea that since most of the reads originated from bacteria it would be more probable
to see longer contigs identified as belonging to this taxa. In addition, it can be seen that while in
Newbler’s assembly most of all of the contigs identified as bacteria are less than 1kbp, the MP has a
greater proportion, compared to Newbler, of contigs with larger sizes, albeit more than half are less
than 1kbp length. Relatively to Eukaryote taxa it can be observed that despite not being the most
common result, which is not totally surprising given the contamination event, it does come second
to bacteria. Still, the great majority of the contigs identifying as Eukaryota are smaller than 1kbp
for both assemblies, and with the MP producing more contigs which identify with this taxon.
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Figure 6.9: Histogram of the number of BLAST first hits for each contig by domain or match
description for Mathematica Pipeline’s assembly
Table 6.3: Number of BLAST hits by domain or match description for the Newbler and Mathematica
Pipeline assemblies
Number of hits
Domain Newbler (1) Mathematica Pipeline
Bacteria 7991 6117
Eukaryota 1487 2176
No acceptable hits 80 12
Viruses 23 49
Unclassified 7 9
Archaea 3 23
other 18 19
Total 9609 8405
To obtain a better idea of how well each contig’s best hit aligned to taxa from GenBank, both the
length and fraction of each contig’s matching portion were plotted (figures 6.11, and 6.12). The scatter
plots in figure 6.11 show that both assemblies produced similar distribution patterns of the results
for all taxa. However, there are differences worth noting, in particular for those plots corresponding
to Bacteria and Eukaryota, and acccordingly these plots were redrawn to show each assembler results
more clearly (figure 6.13). Comparing the Bacteria plots for both assemblies, it can be observed
that the MP one has a more scattered distribution of the points. Aside from those points that are
seen to overlap with Newbler ones, there is a substantial amount of points corresponding to longer
contigs, whose matching portion is generally low. Regarding the Eukaryota plots, it appears that the
distribution of contigs length is more homogeneous. Still, while the majority of Newbler assembled
contigs were shown to match Eukaryota DNA over at least 20% of their portion, in the case of the
MP, a cluster of points representing almost half of the MP contigs were observed to match below this
proportion, many of which correspond to contigs larger than 1kbp. Since Newbler did not manage
to assemble many contigs above this length for Eukaryota, but did for Bacteria, and given the low
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Figure 6.10: Histogram with contig length distribution by taxa for best hit contigs.
alignment portion of the contigs, which may or many not reflect the lack of suitable references in
databases, one should be particularly skeptical of these set of longer contigs.
To get a more clear-cut view of each assembler’s contig length distribution relative to the contig
portion aligned to either Bacteria or Eukaryota taxa, two histograms were produced for each taxon
(6.13). In the histogram relative to the Bacteria it is possible to observe that Newbler’s contigs follow
a bimodal distribution, with the modes lying on both extremes of the histogram, which account for
a large amount of contigs. Specifically, more than half of the contigs are found to match over 80%
of their length, while less than one third match below 20%. On the other hand, MP contigs show
only a clear peak at the rightmost position of the histogram, with one third of the contigs matching
above 80% of their length, and otherwise displaying a weak growing trend across the x axis, which
is relatively uniform. In the histogram displaying the results for Eukaryota, Newbler contigs mostly
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fall the rightmost side, where the mode is present, with two thirds of the contigs observed to lie on
the 80% match region, while almost close to none in below 20% region. In the case of the MP contigs
there is bimodal distribution, with most contigs laying on the leftmost side of the histogram.
Taking together, the results from the two previously succintly described figures (fig. 6.12 and 6.13),
it is finally possible to shine some light on the behaviour of the two assemblies, and how exactly the
two compare. To do so, it is useful to understand why the interpretation of the results, depending on
the taxon being analysed, not only may, but should differ.The reason as to why this should happen,
is related to the fact that a contamination event has happened, and that it should be possible to
take advantage of this fact, if only a genome reference is available. In this case, the undesirable
contamination event can be used as an internal control of the assembly itself.
It is precisely under this perspective that it makes sense to differentiate between the results obtained
for contigs matching Bacteria, since the main source of contamination was clearly identified, and its
genome is available in genomic databases, and Eukaryota, given that in the event that the lacertid
sex microchromosome is indeed present, it is not guaranteed that it will share homology with other
sequences available in genomic databases. In this sense, while in the case of the former taxon one
might expect that contigs assembled ought to match, if well assembled, either over most of their
portion, if they truly are from bacterial source, or none, if they are not, regarding the latter taxon it
is truly unpredictable how well the contigs should match to GenBank taxa. Since it is not known if
the lacertid shares any homology, or even to what extent, with other eukaryotes, all matches, or lack
thereof, are susceptible to be interpreted as theoretically acceptable results. With this in mind, the
results obtained from contigs matching Bacteria, appear to suggest that while the contigs metrics are
better for the MP assembly, which produced longer contigs and has a larger N50, it would seem that
it is in reality Newbler which performed the better assembly. This conclusion stems from the greater
proportion of Newbler contigs which match over most of their range, as well as the reduced number
of those matching over more than 20% and less than 80%, i.e. those matching over an intermediate
extent. The moderate number of contigs with very low match portion however, may either represent
non-bacterial contigs which matched only by chance, or it would be possible that it resulted from
the assembly of reads from different taxa, or the union of two distinct repetitive regions of the same
genome, i.e. chimeras. In contrast, while the MP does produce a peak for contigs matching over
most of their range, there are many contigs which match over an intermediate spectre of their length,
which could suggest that misassembly was involved, resulting in the production of a large amount of
chimeras.
While in the case of plots for Bacteria it is possible to infer something, for Eukaryota the results
are not so open to bold interpretations, mainly due to the above mentioned reasons. It would
seem however, that the larger amount of contigs assembled by Newbler relatively to the MP, which
show almost perfect match to Eukaryota taxa, together with the previous results that indicate that
Newbler performed the bacterial assembly better, may lead one to think that in general Newbler
behaves better. However, only with lab validation is it possible to understand if those long contigs
with inferior levels of coverage are the outcome of misassembly, or a consequence of the lack of suitable
genomes in databases for comparison.
From these results it is specially noteworthy, considering the lack of any close genome references
for the lizard’s sexual chromosome, the unexpected large amount of contigs identified as Eukaryota
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which match over great part of their length to this taxa. In this sense, provided that they are
long enough, and if shown to be conserved across several Eukaryota taxa, these could be suitable
candidates for further lab validation. Furthermore, the choice of a candidate should also take into
account a thorough evaluation of which assembler perform better, to avoid selecting contigs which
might be chimeras.
The depth coverage per contig was also plotted for both methods (figure 6.14 for MP, 6.15 for
Newbler, and a boxplot for both 8.3 in Supplementary Images). As expected, and because the MP
incorporated more reads in its assembly initial dataset, the MP’s depth of coverage is on average
higher for all taxa. Interestingly, the contigs with no hits have a high level of coverage compared to
other taxa, such as Archaea and Viruses which are similarly represented by a few amount of contigs.
From the scatter plots in 6.14 it would seem however, that this coverage is largely attributable to
three contigs, which have more than 200 of depth of coverage (DOC), while the majority have lower
depth of coverage values.
By looking at both assembly’s depth of coverage scatter plots and contrasting them, it is noteworthy
to see that in the Eukaryota pane from Newbler’s scatterplot, most contigs have generally depth of
coverage lower than 100 DOC, while in the corresponding pane on the MP scatterplot, this value
ascends to up to 400 DOC. Additionally, it can be observed that for the MP, both in the Bacteria
and Eukaryota panes, the distribution of values have similar patterns and depth of coverage ranges,
contrary to what is seen on the corresponding Newbler scatterplots 6.15, which show distinct patterns
for both taxa. Given the presence of such striking difference of distribution patterns, one possibility
to explain these results would be to assume that the MP contigs which mainly lie in the range from
100 DOC to 400 DOC in MP’s Eukaryota pane, may correspond to bacterial chimeras. These would
have incorporated several reads from the bacterial source, which would explain why the pattern of
the MP Eukaryote pane is so similar to that observed in the Bacteria pane. However, it is also
possible to entertain the possibility that the reads which did not make it into Newbler’s initial reads
data set, but did in the MP, could have contributed to this striking difference between assemblies.
Furthermore since the portion of contigs identified as Eukaryota is particularly large, this could
in some way reflect the fact that many of those excluded reads, overall shorter than the average,
belonged to the lacertid. This particular association between small read size and a particular taxon,
could have resulted from the use of a cell lysis step in the whole-genome amplification, which might
have severely degraded, and done more warm to the naked W sex-chromosomes, than to the better
protected bacteria. Moreover, given that the lacertid sex-michromosome might be full of repeats,
the availability of short reads belonging to it could result in an assembly where many reads would
overlap, if only by chance, further increasing the overall contig’s depth of coverage for that particular
taxon.
In order to see how well the contigs from both assemblies match, these were aligned to each other in
pairwise fashion using BLAST. The preference of a local alignment algorithm instead of a global one
was justified by the fact that the misassembly of contigs could have produced contigs which joined
originally unrelated reads. A local algorithm will then be able to detect smaller but true similarities
between contigs. A total of 4393 (89%) comparisons between contigs have the same BLAST result
(table 6.4), the second most common combination being contigs whose best hits were identified as
Bacteria in Newbler, and Eukaryota in the MP.
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Since previous empirical results seemed to imply that Newbler might be better than the MP at
producing well-assembled contigs, and avoiding the assembly of chimeras, it seems reasonable to
expect that the alignment of contigs from both assemblies might result in a many-to-few relationship.
In this type of scenario it would be often be expected for more than one Newbler contig to align to a
unique chimeric MP contig, by virtue of the latter containing reads which belong to different genomic
regions or taxa. However, the pattern found was the exact opposite, with a total of 4922 contigs from
the Newbler assembly aligning over different lengths to 5789 contigs from the MP. This contradictory
result might suggest that there are cases where Newbler does not perform well, and probably could
be producing chimeras to which several MP contigs would align.
An additional test one might want to do, to infer both the quality of both assemblies and the extent
of chimeras production, is to use the identification provided by each contig’s best hit to GenBank
and see how these agree, or disagree between contigs aligned. For example, assuming that the contigs
from Newbler are not chimeras, it is expectable that when aligning the MP contigs to Newbler’s, there
should be a very low chance of MP contigs identified as belonging to different taxa from Newbler
contig, to match over the portion identified as so. In addition, if two MP contigs do agree between
their assigned GenBank taxon id, and align to the same contig, it would seem reasonable that, if the
assembly went well, these should have been merged in the assembly. From looking at the contigs that
aligned between assemblies, it was possible to identify a total of 218 Newbler contigs out of the 4922
Newbler contigs, which were overlapped by at least two different taxa, where one of the contigs was
assigned as belonging to a different taxon from the Newbler contig. In contrast, the number of MP
contigs found to be is much lower, with only 93 contigs out of the 5789 aligned. This again, as in the
previous case, reinforces the idea that in some ways the MP may have performed better than Newbler.
By analysing if at least two contigs of one assembly mapped to the contig of another, all sharing the
same taxon, it was observed that both the assemblies obtained similar numbers. Specifically, a total
of 2034 MP contigs aligned each to at least two Newbler contigs, while 2197 Newbler contigs aligned
each to at least two MP contigs. Thus, if the contigs, to which more than one contig is being aligned,
are not a chimera either of two similar repeats from different parts of the genome, or produced by
combining the products of more than one taxon, it seems that to some extent both assemblies were
equally ineffective in the assembly step.
The best hit BLAST results obtained from each assembly’s contigs that could be aligned to each
other were plotted to see how well they would agree. The length of either assembly’s smallest contig
and its portion matching the corresponding contig in the opposite assembly, were plotted for each
comparison (figure 6.16). From the scatterplots in figure 6.16, it can be observed that some of the
contigs which did not get any hits on GenBank, are now seen to match to contigs identified as Bacteria
and Eukaryota. It is also interesting to note that some of longer contigs identified as Eukaryota in
the MP, and which had lengths above 1kbp, do overlap, even if partially with some of Newbler’s
contigs identified as Bacteria, although it is not clear if both contigs, or only one, are chimeras.
Given that the identity of the contigs aligned between assemblies is obtained by their best hit on
GenBank, and thus may only correspond to part of its length, which is not necessarily the one aligned
between assemblies, an extra set of scatter plots was generated. In these the contigs shown have to
match at least 90% of their width to their best GenBank hit (figure 6.17). As expected, by increasing
the stringency of the identity, much of the disagreements stemming from the chimeras disappeared,
revealing that possibly a lot of contigs, for which there is a higher confidence of having been well
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assembled given their identity scores, could be overlapped and merged.
Table 6.4: Comparing top BLAST hits for contig pairs that align between the two assembler outputs.
BLAST results (Newbler/MP) Number of contigs
Archaea/Eukaryota 2
Bacteria/Archaea 5
Bacteria/Bacteria 3901
Bacteria/Eukaryota 390
Bacteria/No hits 2
Bacteria/other 6
Bacteria/unclassified 9
Bacteria/Viruses 12
Eukaryota/Bacteria 48
Eukaryota/Eukaryota 492
Eukaryota/other 2
Eukaryota/Viruses 1
No hits/Bacteria 7
No hits/Eukaryota 13
Other/Bacteria 1
Other/Other 9
Unclassified/Bacteria 1
Unclassified/Eukaryota 1
Unclassified/Unclassified 4
Viruses/Bacteria 2
Viruses/Eukaryota 4
Viruses/Viruses 10
Mapping to the bacteria genome
To further validate the BLAST results, and try to shed some light on the contigs’ assembly status
and differences between the two assemblies, the BWA mapper (Li and Durbin, 2009) was used to
map the contigs of both assemblies to the S. maltophilia bacterium genome. For this purpose the
BWA-SW algorithm, particularly suited for longer reads, was used.
The percentage of the 4,851,126 bp bacterium genome positions covered at least once in each assembly
are displayed, for both BLAST and BWA alignments in table 6.5. It should be noted that the
extremely repetitive nature of the bacterium genome may underestimate and/or overestimate these
numbers for two reasons. Firstly, as described earlier, the presence of repeats throughout the genome,
increases the chances of incorrectly assembling into a single contig, reads sharing the same repeat
motif, but which come from different genomic regions. This possibly inhibits the mapping of the
contig, which leads to an underestimation of the real breadth of genome coverage. Conversely, the
contigs which were generated from regions contained within repeat motifs will often lack the resolution
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to be correctly mapped to only one place, whence they truly originate from. In this instance, if a
region which was not sequenced, but is found to be an exact copy of another region of the genome, or
otherwise extremely similar, which was sequenced, the former may appear to have been sequenced,
unless the depth of coverage tells another story, creating the perception that a larger part of the
genome was covered.
Table 6.5: Percentage of breadth of coverage attained by the contigs mapped to S. maltophilia, by
assembler and alignment tool.
Mathematica Pipeline Newbler
BWA 23.6% 27.4%
BLAST 25.3% 28.6%
The comparison between BLAST and BWA results showed a high level of concordance among the
contigs mapping to S. maltophilia in both assemblies, with only a small amount of contigs being
unique to each method (table 6.6).
Table 6.6: Number of contigs mapping to S. maltophilia by alignment tool and assembler, and the
percentage of contigs uniquely discovered by each tool by assembler
Mathematica Pipeline (% Unique) Newbler (% Unique)
BWA 3783 (5.02%) 3603 (6.71%)
BLAST 3671 (2.17%) 3392 (0.91%)
Furthermore, the two alignment tools also show consistency between the proportion and length of
each contig’s best hit by assembly, (fig. 6.18 and fig. 6.19 ) with correlation coefficients r higher than
0.97 and with a p-value of 2.2*10−6.
To obtain an idea of how much more breadth wise the genome could have been covered, the initial
set of processed reads input to each assembly (instead of their output contigs) was also mapped with
BWA to the bacterium genome. Table 6.7 shows that the amount of positions covered by both sets
of processed reads is similar, with the processed reads used as the input for the MP showing a little
more coverage than Newbler’s input dataset. This is not surprising given that the MP managed to
incorporate a larger number of reads as its entry dataset. More importantly, these results show that
the reads were able to cover an extra ∼20% of the bacterium genome over the mapping performed
with contigs. This can further be observed in the representation of the bacteria genome obtained
using Circos (Krzywinski et al., 2009), where both the reads, and contigs, for each assembly, which
had been shown to map to it, were plotted. In these bacterial genome representations it is possible
to observe a higher degree of patchiness for contigs compared to the one relative to the reads, which
agrees with the idea that the breadth of coverage from the former is not as good as the latter (figure
6.20 and figure 6.21).
Although some of this difference may be accounted by a higher aptness of shorter sequence fragments
to map to the genome, the difference of coverage observed seems too high to be dismissed. This
remains true even if some reads map by chance, or because their shorter size allows them to deal
better with the variation there may be between the reference bacterium genome, and the bacteria
whence the reads originate. Such an observable difference could then be interpreted as a measure
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Table 6.7: Reads and contigs S. maltophilia breadth of coverage by assembly mapped with BWA
Mathematica Pipeline Newbler
Contigs 23.6% 27.4%
Reads 44.0% 41.1%
of the inefficiency of both assemblers to perform the best assembly possible. Possible explanations
for this are the prematurate incorporation of the reads into a contig, inhibiting their further use in
other contigs, reads misassembly, algorithm greediness, or lack of depth of coverage to support the
assembly of the correct set of reads.
Besides showing a more fragmented coverage of the contigs relative to reads, the Circos bacterial
genome representations contain red lines providing visual information about the contigs mapping to
more than one place in the genome. This corresponds to the several lines in the center of the each
circle connecting different genomic regions. The denser array of connections displayed by the MP
assembly suggests that either the contigs suffer from misincorporation of unrelated reads, so that the
contigs will map to several places, or it can reflect the real repetitive nature of the bacterial genome,
whose motifs should have been more often captured by individual MP contigs given their larger size.
Indeed, it is particularly believable, that in the MP, the greediness of the algorithm probably makes
it more prone to be expose to the mentioned phenomenas. This would result in the assembly of
chimeras, particularly out of reads which are found to share repetitive regions present throughout
the genome. If the contigs of the MP are then chosen for further lab validation, one should be
decidedly wary of this fact, or otherwise risk designing primers for a contig which represents not
one, but two or even several distinct genomic regions, thereby increasing the chances of failure in
the following validation step. In this regard, at least making sure that the contigs possess a depth
of coverage relatively similar over their width, and which resembles the background level, or in the
case here is homology with other taxa, that the primed region is found to match to a relevant taxon
in its entirety, might increase the chances of success.
In both mapping methods it was noteworthy the extent of soft-masking, which is just a process by
which certain parts of the reads are masked, so essentially ignored, during the mapping so that it
can take place, that the edges of the reads were subjected to. This might be evidence of misassembly
which can result, as previously noted 1.2, from the incorporation into the same contig of the different
unique nucleotidic regions neighbouring repeat motifs from different genomic regions. Alternatively,
it could support the idea that there is an increasing chance of misassembly as the extension proceeds
in both directions and moves further away from the initial and core part of the contig, which is
usually well supported by a greater amount of reads.
The MP appeared to be particularly affected by this problem, presenting a higher amount of soft-
masked base pairs compared to Newbler (table 6.8 and table 6.9).
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Table 6.8: Statistics for the soft clipped regions that flank the contigs for both assemblies
Side Metric Pipeline Newbler
Mean 211.3 33.6
Left SD 492.2 157.0
Max 7126 4451
Mean 235.7 36.0
Right SD 563.3 159.6
Max 8188 3908
Mean 223.5 34.8
Both SD 529.0 158.3
Max 8188 4451
Table 6.9: Number of base pairs soft clipped in contigs produced by both assemblies
All contigs Only best hits
Newbler 419363 (3.4%) 169618 (1.5%)
Mathematica Pipeline 1467881 (30.0%) 419363 (8.6%)
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Figure 6.12: Scatter plot showing for both assemblies the length distribution of the best hit contigs
only to bacteria and Eukaryota, and the portion matched by the respective taxa.
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Figure 6.13: Histogram displaying number of contigs by the portion their best hit matches to Bacteria
and Eukaryota. The lines represent the cumulative number of contigs.
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Figure 6.18: Newbler’s correlation of contig size from best hits obtained by BWA and BLAST. Each
differently transparent coloured region represents a further standard deviation away from the last
region or the original line.
Figure 6.19: Mathematica Pipeline’s correlation of contig size from best hits obtained by BWA and
BLAST. Each differently transparent coloured region represents a further standard deviation away
from the last region or the original line.
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Figure 6.20: Representation of S. maltophilia’s reference genome, with contigs (dark blue) and reads
(orange), respectively generated and used by Newbler, plotted. The red lines in the center of the
figure connect positions to which the same contig mapped.
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Figure 6.21: Representation of S. maltophilia’s reference genome, with contigs (dark blue) and reads
(orange), respectively generated and used by MP, plotted. The red lines in the center of the figure
connect positions to which the same contig mapped.
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Chapter 7
Laboratory validation
The contigs produced by both assemblers proved to be identified mostly as bacteria, with Stenotrophomonas
maltophilia making up the most part of it, as indicated by the overwhelming amount of contigs
identified primarily as so in the BLAST results. Nonetheless, several other contigs were found that
did not map to bacteria but instead to Eukaryote taxa, and could belong to the lizard’s W sex
microchromosome.
Given the lack of close and reliable genome references to ascertain the validity of this hypothesis, lab
methods were employed to try and validate this hypothesis.
The method appointed was PCR, which allows for cheap and reasonably fast multiple testing of
molecular sequences. The contigs assembled, and not identified as being bacteria, were used as
template for primer design, in order to ascertain if they amplify samples from the same species as
the lizard which had theoretically been sequenced.
To perform this assessment, a total of 19 contigs were selected. These were the longest contigs shown
to match exclusively to Eukaryota taxa, and whose BLAST results had sex related keywords. The
keywords encompassed names of genes involved in sexual pathways, sequence elements known to be
highly conserved in Eukaryote taxa and related to sex such as HMG-box, as well as any other terms
which could in some way be related to sex. Furthermore, at least for one of these 19 contigs, the
target region for amplification was made sure to be covered by unique reads in the assembly, in order
to infer if eventual amplifications problems could be linked to the assembly step. In addition, one
contig of Stenotrophomonas maltophilia was included as a control.
In order to design the primers a stand-alone version of primer3 (Rozen and Skaletsky, 1998), a tool
specifically created for primer design, was used to generate a total of 20 forward and reverse primers
out of each contig.
To test the primers, it was decided that tail samples from a male and a female Eremias velox lizard,
the female having been previously the source for the microdissected tissue, would be selected in
addition to tail samples from other male and female lizards known to possess the ZZ/ZW sex system.
The former samples, if shown to amplify, could be interpreted as evidence that the contigs were
well assembled, and that lizard reads were present in the sequence data. Additionally, the inclusion
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of a male individual, which does not possess a W chromosome in contrast to the female, could help
pinpoint the amplification specifically to the W chromosome, giving some support to the idea that the
W sex microchromosome was indeed sequenced and well-assembled, in the case that only the female
sample is found to be amplified. The non-Eremias samples should allow us to look for homology
among different lizard taxa, and in the case only the female samples are amplified, to infer that the
regions amplified are restricted, and shared among, W sex microchromosomes.
For this purpose tail tissue samples from a male and a female Darevskia valentini lizard as well as
from a Darevskia raddei parthenogenic female lizard were selected for DNA extraction in addition to
the two Eremias velox samples, from each one of the two individuals, male and female. The extraction
of DNA from both Eremias velox samples was replicated, in order to account for possible issues in
the extraction step, and serve as double positive control in the case the lacertid was found to be
amplified. All samples were extracted using the saline methods (Sambrook et al., 1989).
As a mean of experimental control, a pair of primers targeting a conserved region of the MC1R gene
(Pinho et al., 2010), was also used to amplify the seven samples in every PCR. These were included
with the intention of ensuring that the PCR was performing well, since they had been shown to
amplify the seven samples. In this way it should be possible to more promptly detect problems with
the reagents.
Since the primers utilized on the course of this experiment were designed de novo, optimal PCR
amplification conditions such as sample and reagent amount, or temperature were unknown. As
such, the conditions and reagent concentrations observed to previously work with the positive control
primers were initially adopted.
The reagents initially used and their concentrations are displayed in table 7.1. This standard PCR
protocol consists of an initial 3 minute cycle at 93◦ C, followed by 20 cycles of temperature touchdown,
each comprised by a 30 second denaturation period at 93◦ C, an annealing temperature step performed
at 65◦ C in the first cycle, which decreases at a rate of 0.5◦ C per cycle, and an extension step at 72◦
C for one minute. Afterwards a routine of 15 cycles is performed, where each cycle starts with 30
seconds at 93◦C, followed by stable annealing at 55◦ C, and is left to extend for one minute. Finally,
at the very end of the PCR there is a 10 minutes extension step at 72◦ C.
Table 7.1: Reagents and quantities initially used to perform PCR.
Reagents Quantities (µl)
H20 31.2
Buffer 12
2.5 mM MgCl2 7.2
0.4 mM dNTPs 2.4
0.3 µM Forward primer 0.9
0.3 µM Reverse primer 0.9
1U GoTaq Taq polymerase 0.6
DNA 0.5
These conditions and the MC1R primers were first used to find the optimal sample concentration,
with the following sample extractions dilutions being tested, 1:5 ,1:10, 1:20 and 1:40. All samples
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were run on a 0.8% agarose gel, and for each sample the dilution shown to produce well defined and
not overly saturated bands was used throughout the remainder of the experimental course. This
PCR protocol was then used to test the 7 samples with each of the 20 primer sets, plus the MC1R
primers.
The first batch of PCR trials with the twenty designed primer pairs failed to amplify all samples,
with exception of the primers designed from bacteria which were seemingly able to amplify the female
Darevskia samples. On the other hand, both the negative and positive controls performed properly
(i.e. no amplification occurred in the negative control wells, and amplification occurred in all positive
control wells with a sample).
The unexpected amplification of female Darevskia samples with primers designed from bacteria, and
the absence of amplification in all other cases, aside from the positive control, lead to a new round
of PCRs which also failed to amplify the samples.
Since in part this could be due to the PCR conditions not being optimized for the primers used on
the course of the experimental work, further testing was done to exclude this hypothesis as a possible
explanation for the absence of amplification.
A more comprehensive array of tests, using the the designed primers, was then performed with a
gradient of five annealing temperatures (56◦ C, 58◦ C, 60◦ C, 62.4◦ C, 64.3◦ C, the well at 56.7◦ C
was always used for the gradient negative control), and three MgCl2 concentration gradients (0.6,
1.2 and 2.4, half, respectively half, the same, and double of the previously used amount). The sample
set was reduced to one of the Eremias velox female samples, to be tested with all the primers, and
the Darevskia raddei sample, which was previously observed to produce the best amplification results
with the positive control primers.
All PCRs failed to amplify with primers designed from contigs presumed to belong to Eukaryota
taxa, while both PCR runs with MgCl2 of 1.2 and 2.4 µl, and annealing temperatures of 56
◦ C and
58◦ C proved to work with the primers designed for bacteria. These results were further validated
by using the latter set of primers to try and amplify the other female Eremias sample and achieving
the same results.
In order to clarify why the primers designed from a bacterial contig were able to amplify DNA from
several samples, two samples of amplified DNA from Darevskia raddei were sequenced with the Sanger
method, using these same PCR in the reaction.
For each sample, the reverse and forward primers were used separately, resulting in a total of 4
sequenced fragments, two for each sample, with sizes ranging between 657 and 709 bp. After
BLASTing the sequenced fragments, these were shown to have several hits with high degree identity
against a large range of bacteria, including Stenotrophomonas maltophilia. However, the portion of
the best match among all the sequenced fragments to Stenotrophomonas maltophilia, was found to
be 399 bp, with an identity of ∼83%, both inferior to the metrics presented by other bacteria best
matches, such as for example Escherichia coli, whose best match of the same fragment sequence,
which was 661 bp, aligned over 629 bp to its genome, with an identity of ∼89%. These results
suggest that, either during the DNA sample extraction, or afterwards, some bacteria taxa must have
contaminated the samples, or alternatively that it was from the lizards’ own microbiome. Moreover,
since the best matches of the sequenced fragments to bacterial genomes, was found to be to others that
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not Stenotrophomonas maltophilia, it is probable that the source of PCR contamination originated
from other bacterial sources, which have some degree of similarity with Stenotrophomonas maltophilia
at the primed regions.
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Chapter 8
Main conclusions and future
prospects
While the combination of NGS, cytogenetic techniques and enrichment methods certainly represents
a very powerful and ingenious approach to further advance the genomics field, it can also be affected
by drawbacks and complications. In this trial, a putative contamination event which took place
even before the sequencing, may have compromised what could otherwise turned out to be a fruitful
approach, and influenced the course of the experimental work.
The lack of positive results on the lab even in the presence of a reasonable amount of BLAST results
suggesting the presence of contigs matching Eukaryote taxa among the assembled contigs, warrants
further data exploration and validation approaches. In particular, given that the validation portion
of the trial was severely time constrained, not only was the selection of contigs in silico possibly not
optimal, but also their in vitro validation was not as thorough as it could be. By addressing these
issues, it is possible that the results may see some improvement. Additionally, it might be interesting
to try to look for, and identify, other steps of the trial which could be further improved.
Future work will then be based on two fronts: computational and experimental. On the computational
side, the assemblers should be compared with genomes of different complexities, in order to see how
well they perform and in which conditions. It should be particularly interesting to see how differently
they perform with Eukaryote taxa simulated genomes since this group of organisms should pose a
different array of problems to the assembly compared to bacterial genomes, and could in some way
rebut the hypothetical advantage of either assembler for these cases. Furthermore, since the empirical
results do suggest that chimeric contigs might be indeed a prevalent problem, more thought and effort
should be put in their identification. Addressing this issue would probably involve implementing extra
measures to take better advantage of the depth of coverage information, and check that the depth of
coverage is relatively constant throughout the contig, in addition to increase the stringency on the
contig assembly step, byonly admitting only reads that map uniquely to a contig. Additionally, more
stringent filters must be applied to the selection of the contigs to be validated in the lab, namely by
attributing some sort of a score reflecting the confidence of each contigs’ assembly. Lastly, an effort
should also be made to include more contigs whose region to be amplified in the lab validation step,
71
is wholly contained by single reads, so that it is possible to discern if the problem might lie on the
assembly, or on the sequence data.
On the experimental side, other methods can be employed to validate the contigs that not PCR. An
example of such methods would be the design of FISH probes using the contigs as templates. This
method would allow to see if the contigs have a complementary sequence in the genome of interest,
and if so to pinpoint the chromosome and the relative position within it. In addition, to validate the
assemblies generated, smaller regions of the W sexual microchromosome could be sequenced with the
more reliable Sanger sequencing method. Complementarily, if funding is available, another sequencing
effort should be taken, if possible in more controled conditions to avoid the risk of contamination. In
this sense, some ponderation should also be put into to what extent the use of cell lysis in the WGA
protocol might have damaged the already small chromosomes, which would explain the lower size of
the reads relativel to the initial expectaction, and if more suitable WGA options should be sought.
If shown to work, in the course of future efforts, this trial should result in the development of, for
example, useful sex markers specific to the W chromosome. The development of such markers could
prove particularly useful if these are found to be conserved across lacertid taxa. If they are, it should
be possible to sex individuals, in addition to perform comparative genomics and population genetics
studies in more depth and in a larger scale.
For this reason, any steps toward the improvement of this type of approach, particularly on the
presence of adversities, should be actively sought and explored. This applies specially to any negative
or lack of results which should be taken as an opportunity to further learn more about problems
involved with the approach, and to refine the existing methods or develop new ones. Doing so will
surely set a path leading to better data production and analysis.
Additionally, in the future, this same approach could be employed not only in other, non-sex-,
microchomosomes, which represent a less complex task, but also in macrochromosomes. If possible,
it should also be extended to other taxa, including to model taxa for which the reference is available,
effectively allowing for a more objective results validation.
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Figure 8.1: Boxplot of contig length distribution for both assemblies.
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Figure 8.2: Boxplot with contig length distribution by taxa obtained from the contigs top BLAST
hit.
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Figure 8.3: Boxplot for depth of coverage distribution by taxa for Newbler (on the left), and
Mathematica Pipeline (on the right).
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Appendix A
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Figure A.1: A glimpse into a not so far past: Polyacrylamide slab gel, S-35 labeled
sequencing reactions. Each block of four consecutive lanes correspond to the four letters of the
genetic alphabet {A,C,G,T}.
88
Figure A.2: Sequencing cost evolution of a 3 billion base pairs genome compared to
Moore’s law from 2001 to 2012. White line shows hypothetical data reflecting Moore’s Law.
This law predicts that the “compute power” doubles approximately every two years, and is often used
as a measure of how well technology advancements are developing. Green line shows the reduction on
the cost to sequence a genome with 3.000.000 base pairs in the past eleven years. The abrupt decline
in January 2008 coincides with the time when labs started adopting the so-called next-generation
sequencing platforms in detriment of the older Sanger and capillary sequencing.
89
Figure A.3: Sequencing cost per megabase compared to Moore’s law from 2001 to 2012.
White line shows hypothetical data reflecting Moore’s Law. This law predicts that the “compute
power” doubles approximately every two years, and is often used as a measure of how well technology
advancements are developing. Light blue line shows the reduction of the sequencing cost per megabase
in the past eleven years. The abrupt decline in January 2008 coincides with the time when labs
started adopting the so-called next-generation sequencing platforms in detriment of the older Sanger
and capillary sequencing.
90
Figure A.4: GenBank growth from December 1982 to October 2011. The red line shows the
yearly growth in millions of sequences, and the blue line shows the growth in billions of base pairs.
(Data available at ftp://ftp.ncbi.nih.gov/genbank/gbrel.txt)
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Figure A.5: Poster depicting the most used next-generation sequencing methods
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